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Microbial regrowth is an important issue in drinking water distribution system 
(DWDS) management. Biofilm formation on the internal surface of pipeline 
becomes a great concern as the majority of the microbial growth in DWDS is 
associated with biofilm development and biofilms are much more disinfectant 
resistant than their planktonic counterparts. Biofilm formation in DWDS can 
be affected by various factors such as availability of nutrients, presence of 
disinfectants, pipeline materials, temperature and water flow rate, etc. 
Phosphorus has been recently identified as another limiting nutrient other than 
organic carbon to microbial growth in DWDS.  As a commonly used 
corrosion inhibitor, phosphate is frequently introduced into DWDS and causes 
the increase of phosphorus concentration. Phosphorus addition to DWDS has 
potential to increase the microbial growth and change the community structure. 
However, the effects of phosphorus on biofilm formation in DWDS are still 
not well understood. The purpose of this study is to provide an in-depth 
understanding of the biofilm formation and control in DWDS when 
phosphorus addition is implemented. 
 
Annular reactors were used to simulate DWDS. Phosphorus addition (3 µg l-1, 
30 µg l-1 and 300 µg l-1 of phosphorus) was found to have a complicated effect 
on biofilm formation (especially for 30 µg l-1 and 300 µg l-1 of phosphorus 
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additions). Phosphorus addition can promote the biofilm cell growth (cell 
count increased by about 1 log with addition of 30 µg l-1 and 300 µg l-1 of 
phosphorus.). However, the addition of 30 µg l-1 and 300 µg l-1 of phosphorus 
caused decrease in exopolysaccharides (EPS) quantity by 81% and 77%, 
respectively. The results of biofilm structure analysis showed that the addition 
of 30 µg l-1 and 300 µg l-1 of phosphorus induced thicker and less 
homogeneous biofilms with more biomass. The addition of 3 µg l-1 of 
phosphorus, on the other hand, was found to have minor effects on the above 
parameters examined. The results in this study confirmed that the addition of 
phosphorus to DWDS has a potential to increase the bacterial cell number and 
deteriorate the drinking water quality. 
 
In the biofilm control study, free chlorine and monochloramine were used as 
disinfectants. The disinfection efficacies of both free chlorine and 
monochloramine were increased when phosphorus was added into the reactor 
systems. At the same disinfectant dosages, monochloramine showed greater 
biofilm removal efficiency than free chlorine (0.86 and 1.32 log cell number 
reduction for 0.5 mg l-1 and 2 mg l-1 free chlorine disinfections and 2.13 and 
2.96 log cell number reduction for 0.5 mg l-1 and 2 mg l-1 monochloramine 
disinfections). Except the control conditions with free chlorine disinfection, 
EPS quantities were generally increased when disinfectants were applied (13 
and 22 times increases for phosphorus treatment condition with 0.5 mg l-1 and 
ix 
 
2 mg l-1 free chlorine disinfections; 7 and 182 times increases for control 
condition with 0.5 mg l-1 and 2 mg l-1 monochloramine disinfections; and 144 
and 720 times increases for phosphorus treatment condition with 0.5 mg l-1 
and 2 mg l-1 monochloramine disinfections). The biofilm structure was also 
found to change upon the addition of disinfectant. For example, biofilms 
tended to form lager cell colonies with EPS protection in which the denser 
biofilm communities may be able to generate a greater diffusion barrier to 
protect the cells from the disinfectants penetration. The results from the 
disinfection study showed that monochloramine should be a better choice for 
biofilm disinfection in DWDS. 
 
The metabolic activity of biofilm cells was examined using substrate 
utilization pattern (SUP) based on Biolog GN2 microplate. Substrate 
utilization diversity and metabolic potential were calculated based on SUP. 
Cluster analysis was used to determine the similarity among different samples. 
The species of utilized carbon source changed with phosphorus addition. 
Phosphorus addition was also found to increase substrate utilization diversity 
(1.25 for control condition and 2.82 for phosphorus treatment condition) and 
metabolic potential (1.76 for control condition and 38.95 for phosphorus 
treatment condition). Only free chlorine disinfections at 2 mg l-1 caused 
obvious decreases in substrate utilization diversity and metabolic potential. 
Both phosphorus addition and disinfection could have effects on the biofilm 
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cell’s physiology or the biofilm community structure but phosphorus addition 
played a more important role. The similarity was found to decrease with 
phosphorus and disinfectant treatments which suggested that a different 
biofilm community structure could be formed with the changes of the external 
environmental condition. As a high metabolic rate may induce overproduction 
of bacteria in DWDS once carbon level increases, cares should be taken when 
phosphorus-based corrosion inhibitor is used in DWDS. 
 
In the biofilm community structure study, both fluorescence in situ 
hybridization (FISH) and terminal restriction fragment length polymorphism 
(TRFLP) revealed an increase in γ – Proteobacteria with addition of 
phosphorus (increased from 0.9% to 5.2% and 2.4% to 7.2% for 30 µg l-1 and 
300 µg l-1 of phosphorus treatments, respectively). α – and γ – Proteobacteria 
were found to increase with disinfection treatments which indicated pathogens 
from γ- Proteobacteria may have a potential to survive and persist from free 
chlorine or monochloramine disinfections. The biofilm community diversity 
decreased with phosphorus addition and disinfection treatments. As γ – 
Proteobacteria contains frank or opportunistic pathogens, such as Salmonella 
spp., Escherichia spp., and Legionnella spp., the addition of phosphorus has a 
potential to deteriorate drinking water quality. Cares should be taken when 
phosphorus based corrosion inhibitors are applied to avoid the potential 
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In a modern drinking water distribution system (DWDS), 99 percent of 
bacteria are likely to be in biofilms attached on the internal surfaces. Biofilm 
formation serves as a source of planktonic bacteria, some of which can cause 
infection and diseases, and sometimes accelerate the corrosion of metal 
pipelines. As biofilm formation is unfavorable in DWDS, various strategies 
have been utilized to control it. Among these strategies, chlorine and 
monochloramine treatments are most widely used because they are efficient, 
economical and convenient to apply. Besides adding chemicals, proper 
management of the external environmental conditions is also widely used to 
control biofilm formation in DWDS. 
 
The external environmental conditions that affect biofilm formation in DWDS 
include nutrient level, pipe material, water temperature and flow velocity. 
Flow velocity can affect the biofilm structure and is normally determined 
during the design of the whole DWDS. Water temperature is a regional and 
seasonal parameter which can affect the biofilm density. Although temperature 




requirement if big variations of temperature exist due to the seasonal change. 
Another important factor is pipe material which can affect the attachment, 
density and community of biofilms in DWDS. The choice of pipe material 
depends on its availability and other technical reasons, for example, ground 
characteristics, pipe diameter and local water pressure. The above mentioned 
external environmental conditions are not supposed to change once the 
operation of DWDS starts. Besides these conditions, nutrient level is the most 
important factor for the biofilm formation in DWDS and it is adjustable during 
the operation of DWDS. 
 
Nutrients such as carbon, nitrogen and phosphorus are essential to the 
microbial growth. Conventionally organic carbon is thought to be the only 
limiting nutrient in DWDS. In DWDS, organic carbon is normally 
characterized as assimilable organic carbon (AOC). AOC level is 
recommended to be less than 100 µg l-1 to maintain the bio-stability of 
chlorinated drinking water (LeChevallier et al., 1992). Van der Kooij (1990) 
suggested a reduction of AOC level to less than 10 µg l-1 when there is no 
chlorine residual. However, this low level is really difficult to achieve by the 
conventional treatment and it seems impossible to control AOC level at 10 µg 
l-1 in practice. In any case, organic carbon is always the compound to 
minimize to control biofilm formation in DWDS. Recently, phosphorus has 




(Sathasivan and Ohgaki, 1999; Lehtola et al., 2002). However, regarding the 
effect of phosphorus on the biofilm formation, so far little research has been 
done and a controversy still exists. Dosages from one µg l-1 to 400 µg l-1 of 
phosphorus have been found to increase microbial growth in water and 
biofilms in DWDS (Lehtola et al., 2002; Chu et al., 2005; Hozalski et al., 
2005). However, little attention has been paid to the effects of phosphorus on 
other important aspects of biofilms such as EPS production, matrix structure, 
metabolic activities and community structure.  
 
The production of EPS is essential for biofilm formation as EPS serves as the 
main “cement” for cells and cell products bind water, trap nutrients and protect 
cells (Shutherland, 2001). If EPS production could be affected by phosphorus 
addition, the biofilm matrix stability and disinfection resistance could also be 
affected. One of the ways by which microbial communities adjust to 
environmental changes is by changing the structural organization of the 
biofilm (Dalton et al., 1994; Woolfaardt et al., 1994; Van Loosderecht et al., 
1995; Moller et al., 1997; Nielsen et al., 2000). So the biofilm structural 
information is essential for understanding the effects of environmental 
changes on biofilm.  
 
Metabolic potential of biofilm cells can indicate how bacteria adapt to the 




(Wünsche et al., 1995; Park et al., 2006). Biofilms with high metabolic 
potential may induce unstable drinking water quality as sudden fluctuation of 
nutrient levels may cause the over growth of biofilms. 
 
A clinical study done by Crespi and Ferra (1997) reported an outbreak of 
legionellosis in a hotel in Lanzarote, Spain in 1993, which occurred in a way 
concomitant with an anticorrosion treatment of the water system with very 
high doses of phosphorus – based corrosion inhibitor. This is the first evidence 
that the addition of phosphorus into DWDS could change the microbial 
community structure. Batte et al. (2003b) found that phosphorus treatment 
increased the proportion of γ – Proteobacteria. As γ – Proteobacteria contains 
frank or opportunistic pathogens, such as Salmonella spp., Escherichia spp., 
and Legionnella spp., the addition of phosphorus has a potential to deteriorate 
drinking water microbial quality. So it is necessary to examine the effects of 
phosphorus addition on the biofilm community, especially with the 
disinfection treatment. 
 
In view of the above-mentioned, although the microbial effects of phosphorus 
addition in DWDS have been recognized, a number of issues regarding 
biofilms in DWDS are still unclear. As biofilms are such a complicated 
microbial form compared with their planktonic counterparts, more research 




the biofilm in DWDS so as to achieve better drinking water quality control. 
 
1.2 Objective and Scope of Study 
The main objective of this study is to investigate the effects of phosphorus on 
the biofilm formation and control in DWDS (Figure 1.1). The specific 
objectives are listed as follow: 
I. To study the effects of phosphorus addition on biofilm cell growth, 
biofilm EPS production, biofilm morphology and structure. 
II. To study the effects of phosphorus addition on biofilm control with free 
chlorine and monochloramine. 
III. To study the effects of phosphorus addition on biofilm cell metabolic 
activity. 






Figure 1.1 Structure of the study 
 
The assumption that balanced bacterial growth requires substrates with carbon, 
nitrogen and phosphorus in an atomic ratio of 106 : 12 : 1 (Goldman et al., 
1987) will be adopted in this study. Once phosphorus is added into DWDS, 
the nutrient balance to biofilm cells could be broken and biofilm activity could 
be affected. Annular reactor systems will be used to simulate DWDS 
throughout this study. In the growth study, cell number and EPS will be 
estimated by heterotrophic plate count (HPC) and total carbohydrate content 
(TCC), respectively. Confocal laser scanning microscopy (CLSM) will be 






























In-depth understanding of the effects of phosphorus 




microscope is chosen as it can reveal the three dimensional structures and 
present the information at different depths in the biofilm. The metabolic 
activity of biofilm cells will be studied by SUP using GN2 microplates. The 
biofilm community structure will be investigated by FISH and TRFLP, which 
are widely used to study the microbial population in water and wastewater 
treatment processes. With the application of these techniques, an in-depth 
understanding could be achieved on the effects of phosphorus addition on 
biofilm formation and control in DWDS. 
 
1.3 Outline of Thesis 
This thesis presents the study on the effects of phosphorus addition on biofilm 
formation and control in DWDS. The background information and literature 
review, which shows the necessity and importance of the study, are presented 
in Chapters One and Two, respectively. The set-up of the annular reactor 
system and the operation and sampling methods are presented in Chapter 
Three. Chapter Four discusses the experimental results, which includes a 
preliminary study to examine the effects of phosphorus addition on biofilm 
cell growth. The effects of phosphorus addition on other important aspects of 
biofilm community are discussed subsequently in biofilm disinfection, biofilm 
cell metabolic activity and biofilm community structure sections. Conclusions 
from this study and recommendations for improvements and future study 
directions are presented in Chapter Five. 







2.1 Overview of Biofilm Community 
Biofilms are complex communities of microorganisms that develop on 
surfaces in diverse environment. In the natural environment, microorganisms 
have a tendency to colonize on any surfaces. Consequently they are found in 
many environmental, industrial and medical systems. The biofilm is formed by 
an assemblage of originally planktonic microbial cells suspended in liquid 
environment onto a surface. A matrix of extremely complex and 
heterogeneous bio-constructions is formed by the build-up of EPS excreted by 
the microorganisms on surfaces. 
 
2.1.1 Biofilm Formation 
Any surface in contact with a biological fluid is a potential target surface for 
microbial cell adhesion (Bryers, 1994). Now there is plenty of evidence that in 
natural, industrial and medical habitats most bacteria can be found colonizing 
surfaces in organized biofilm communities, rather than growing in suspension 
as individuals (Stickler, 1999). Biofilm formation begins with the attachment 
of free-floating bacterial cells to a surface. And this attachment is followed by 
growth into a mature, structurally complex biofilm and culminates in the 
Chapter Two-Literature Review 
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dispersal of detached bacterial cells into the bulk fluid (Hall-Stoodley and 










Figure 2.1 Biofilm formation process     
Biofilm formation in eight stages: 1. preconditioning; 2. transport of cells to 
substratum; 3. reversible adsorption; 4. desorption; 5. irreversible adsorption; 6. 
growth and extracellular polymeric substances production; 7. attachment by other 
micro-organisms; 8. detachment. (Characklis, 1990) 
 
Recent work has shown that a large number of genes and regulatory systems 
are activated during biofilm formation. Some of these are associated with the 
adhesion step, whereas others are associated with colonization and maturation 
of the biofilm. This phenomenon leads to different phenotypes between 
planktonic and biofilm cells (Campanac et al., 2002). Hamilton and Characklis 
(1989) noted that the pattern of biofilm development starts with the 
transportation of organic molecules and cells to the surface through 
sedimentation, convective transport or active transport. Next, organic 
molecules adsorb on the surface to give a ‘conditioned’ surface before the 
initial attachment of cells on the conditioned surface can occur. 
Chapter Two-Literature Review 
10 
 
The initial attachment to the surface is reversible and is accelerated by 
force-generating organelles such as pili and flagella (Watnick and Kolter, 
2000). The genetic basis of the steps in biofilm formation has been 
investigated for a number of bacterial species, including Escherichia coli 
(Pratt and Kolter, 1998), Pseudomonas aeruginosa (O'Toole and Kolter, 1998) 
and Vibrio cholerae (Watnick and Kolter, 1999). Defects of the flagella or pili 
will affect the ability of microorganisms to colonize substrates and form the 
young biofilms. It has been noted that mutant P. aeruginosa with flagella or 
mutant defects in the generation of Type IV pili and wild type P. aeruginosa 
where the mutants, even though they are able to form a single layer of cells on 
the surface, are unable to form microcolonies (O'Toole and Kolter, 1998). It 
was proposed that motility is important to overcome the forces that repulse 
bacteria from many abiotic materials (Stickler, 1999). Once the surface is 
reached, pili are required to achieve stable cell-to-surface attachment. Cell 
motility then promotes the spread of the biofilm over the surface. 
 
The irreversible attachment of single cells onto the surface and the spreading 
out into microcolonies goes through an aggregation of bacteria cells in the 
substratum. After irreversible attachment has occurred, the synthesis of EPS 
that binds the cells to each other and the substratum occurs, forming the three 
dimensional gel-like structure of the biofilm which allows for the buildup of 
cell densities for polymeric degradation and horizontal gene transfer. There is 
Chapter Two-Literature Review 
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evidence that during this attachment phase of biofilm development, perhaps 
after microcolony formation, the transcription of specific genes is activated. In 
particular, studies with P. aeruginosa algC, algD, and algU::lacZ reporter 
constructs showed that the transcription of these genes, which were required 
for synthesis of EPS (alginate in this case), was activated after attachment to a 
solid surface (Davies and Geesey, 1995).  
 
At an appropriate time, microcolonies differentiate into true biofilms: 
exopolysaccharide-encased communities. The structure of a mature biofilm 
community will vary with the location, the nature of the constituent organisms, 
and the availability of nutrients. It can range from thick confluent layers of 
cells (dental plague and urinary catheter biofilms) to dispersed microcolonies 
or stacks of cells protruding from a thin basal layer (biofilms that form on 
surfaces in oligotrophic natural waters) (Wimpenny and Colasanti, 1997). 
 
Cell-to-cell communication may play a very important role in the biofilm 
development process. Quorum sensing is an example of community behavior 
prevalent among diverse bacterial species. The term “quorum sensing” 
describes the ability of a microorganism to perceive and respond to microbial 
population density, usually relying on the production and subsequent response 
to diffusible signal molecules (Fakhr et al., 1999). Production of the quorum 
sensing molecules known as acyl-homoserine lactones (acyl-HSLs) has been 
Chapter Two-Literature Review 
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demonstrated in both natural and cultured biofilms (McLean et al., 1997; 
Davies et al., 1998). The accumulated acyl-HSLs can interact with the 
reporters on the bacterial cell surface that control gene expression (Stickler, 
1999). 
 
Detachment of cells individually or in groups from the biofilm occurs after the 
mature biofilm structure develops. Sloughing, shearing, abrasion and grazing 
can affect the detachment of cells. Desorption may occur at the same time but 
it is due to the loss of components from the substratum or changes in the cell 
surface properties or physiochemical conditions such as chemical or physical 
treatments. It is suggested by Boyd and Chakrabarty (1994) that the 
detachment of cells from biofilm matrix involved the degrading action of 
enzymes as shown in alginate of P. aeruginosa. It is regulated by inducer 
molecules responsible for releasing the enzymes and cell density of biofilm, 
which triggers detachment of colonization from new surfaces by bacteria 
community. These chemical cues help disperse the cells from the biofilm 
community structure. 
 
2.1.2 Biofilm Compositions 
In mature biofilms, water occupies the majority, perhaps up to 97%, of the 
total matrix (Zhang et al., 1998). The water can be bound within the capsules 
of microbial cells or can exist as solvent (Sutherland, 2001). This affinity for 
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water gives a slimy consistency to biomass and serves as protection against 
desiccation (Roberson and Firestone, 1992). Microbes are the essence of the 
biofilms, even only 2~5% of the total volume (Sutherland, 2001). Microbes 
are the key attribute of biofilms and without them, the “biofilms” are just a 
stack of organics and inorganics. Besides water and microbes, the biofilm 
matrix also consists of secreted polymers, absorbed nutrients, metabolites, 
products from cell lysis and ions. Thus, all major classes of 
macromolecule—protein, polysaccharides, DNA and RNA—can be present in 
addition to peptidoglycan, lipids, phospholipids and other cell components 
(Sutherland, 2001). Some particular matters from the environment (e.g., heavy 
metals), will accumulate in biofilm matrix too. Gross compositions of typical 
biofilms are presented in Table 2.1. 
Table 2.1   Range of composition of biofilm matrices (Sutherland, 2001) 
Components % of matrix 
Water Up to 97% 
Microbial cells 2-5% (many species) 
Polysaccharides     
(homo- and hetero-polysaccharides) 
1-2% (neutral and polyanionic) 
Proteins 
(extracellular and resulting from lysis) 
<1~2% (many, including 
enzymes) 
DNA and RNA <1~2% (from lysed cells) 
Ions ? (bound and free) 
 
In general, the proportion of polymers in biofilms can vary between 50~90% 
of the total organic matters (Christensen and Charachlis, 1990; Neu, 1992; 
Nielsen et al., 1997).  The excreted polymers are mainly responsible for the 
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structural and functional integrity of biofilm community and are considered as 
the key components that determine the physico-chemical properties of 
biofilms (Flemming et al., 2000). Typical constituents of excreted polymers 
are exopolysaccharides (EPS) and proteins, often accompanied by nucleic 
acids, lipids or humic substances (Christian et al., 1999). EPS are mainly 
structural functions in forming and stabilizing the biofilm matrix, while the 
proteins are mostly considered in terms of their enzymatic activity and 
involved in the extracellular degradation of macromolecules to low molecular 
weight products which can be directly metabolized by cells (Flemming et al., 
2000). 
 
2.1.3 Exopolysaccharides (EPS) and Biofilm Structure 
EPS secreted by bacteria may be hydrophobic or both hydrophilic and 
hydrophobic (Sutherland, 1999). They are for the formation of microbial 
aggregates, attachment to surfaces, structural stability and spatial arrangement 
of biofilm structure and serve as a protective barrier against desiccation and 
retards access of harmful substances such as antibiotics to the microbial cells 
residing in the biofilm. EPS also acts as an ion exchange resin for the 
adsorption of exogenous organic/inorganic compounds providing a reservoir 
for trapping nutrients, and the concentration of important enzymatic activities 
as well as other molecules. Three types of non-covalent interactions have to be 
considered as cohesive forces between the components within the EPS matrix, 
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namely London (dispersion) forces, electrostatic interactions and hydrogen 
bonds (Flemming et al., 1998). 
The production of EPS is essential for the biofilm formation as EPS serves as 
the main “cement” for the cells and cell products. The synthesis of EPS in 
biofilms is affected greatly by environmental parameters such as availability 
of nutrients, shear rate, pH, and existence of toxic substances. 
 
Sutherland (2001) suggested that the amount of EPS synthesis within the 
biofilm would depend greatly on the availability of carbon substrates (both 
inside and outside of the cells) and on the balance between carbon and other 
limiting nutrients. The presence of excess available carbon substrate and 
limitations in other nutrients, such as nitrogen, potassium or phosphate, will 
promote the synthesis of EPS. The relationship of the EPS-production rate to 
the substrate-consumption rate is subject to significant controversy. Evans et 
al. (1994) and Robinson et al. (1984) reported that microorganisms produced 
less EPS when they are rapidly consuming substrate and growing. On the 
other hand, Turakhia and Characklis (1988) showed data that supported the 
opposite trend. Therefore, the relationship between EPS production and 
biomass growth rate (or substrate consumption rate) seems to depend on the 
kind of microorganisms involved and the system conditions. Olivera et al. 
(1994) noted that for P. flurorescens, throughout the growth for all three 
conditions: namely initial pH 7 without control, pH control with NaOH/ HCl 
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and pH 7 in phosphate buffer, production of EPS was increasing without a 
drop in synthesis even when cell density started to decrease. Also, the biofilm 
observed using scanning electron microscope was slightly thicker for the 
initial pH of the medium. EPS production was favoured when initial pH was 
around neutrality, with or without pH control and that polysaccharide 
concentration did not have a straightforward relationship with the denseness of 
biofilm evinced by cross-examination of the higher amount of EPS measured 
for pH control and microscope image taken. Fang et al. (2002) found that 
microbes in marine biofilms aggregated into clusters and increased the 
production of EPS, by over 100% in some cases, when the seawater media 
containing toxic metals and chemicals, such as Cd(II), Cu(II), Pb(II), Zn(II), 
Al(III), Cr(III), glutaraldehyde, and phenol. From these studies it could be 
summarized that the production of biofilm EPS varied among different species 
of microorganisms and various environmental conditions examined. 
EPS have a significant effect on the development of biofilm by providing a 
framework for microbial cells and their products. While biofilm formed is 
unique for each type of growth environment and microbial communities, 
Wimpenny et al. (2000) summarized them into three distinct models of 
structure: (i) column-like or irregular branched heterogeneous mosaic model, 
(ii) mushroom model ridden with water channels, and (iii) planar homogenous 
structure, which are dense and confluent with relatively constant thickness, 
depending on the substrate concentration in the surrounding environment.  
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Due to variations between microbial species and environmental conditions 
such as media composition, stage of growth, temperature, carbon source, EPS 
differ in composition and structure. This property of the polysaccharides 
determines the biofilm primary conformation whose physical property 
depends on primary, secondary and tertiary structures. EPS can be divided into 
homo-polysaccharides and hetero-polysaccharides. Most 
homo-polysaccharides have linear branches; linear repeat branches and 
branched structures chain length, which vary while hetero-polysaccharides 
tend to be composed of repeating units. Bacterial EPS that possess backbone 
structures containing 1,3-β- or 1,4-β-linkages in hexose aggregates tend to be 
more rigid, less deformable, and may be poorly soluble or insoluble 
contributing more to the biofilm structure (Sutherland, 2001) while other EPS 
molecules may be more soluble in water due to inhibition of ordered 
assemblies by the presence of conformational disorder that some side-chain 
promote. Also, the EPS of biofilms are non uniform and vary spatially and 
temporally. In mixed biofilms, the presence of one species producing EPS may 
stabilize other species that do not synthesize EPS.  
 
Besides their contribution to the structure and stability of biofilm, EPS serve 
as a protective barrier against dehydration and enhance resistance of the 
biofilm to harmful substances such as antimicrobial agents, and bacteriophage. 
The mechanism works in such a way that the charged and hydrated EPS act as 
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an ion exchange resin, affecting the access of solutes by the way of ionic 
interaction with charged particles seeking to enter the biofilm. Polymers at the 
outer layer of biofilm help to counteract the effects of these agents by reacting 
with it chemically whilst thickness of polymeric substances in the biofilm 
matrix slows down diffusion rate or to a certain extent prevents access of 
compounds depending on the biofilm and the type of agent used. However, the 
ability of the matrix to neutralise these agents depends very much on several 
factors (Allison et al., 1998) such as the nature of the agent for example, 
whether it is a strong oxidizing agent, capability of EPS matrix to bind the 
agent, concentration of agent used and the turnover rate of micro colony 
versus diffusion rate of antimicrobial agents. 
 
As described above, the EPS are the main component of biofilm matrix and 
responsible for biofilm structure. However, the actual structure for specific 
biofilms varies greatly depending on the microbial cells present, their 
physiological status, the nutrients available and the prevailing physical 
conditions (Sutherland, 2001). In water distribution systems where the 
substrate concentration is very low, the heterogeneous model is suggested. 
There are several versions of this model, but all conveying the same message 
that biofilms consist of microcolonies separated by interstitial voids 
(Lewandowski, 2000). Heterogeneous biofilms are composed of: 1) densely 
compact sublayers, 2) roundly-shaped microcolonies, 3) streamers, which are 
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long strands of extracellular polymers extending the microcolonies, and 4) 
interstitial voids. The sublayer is not continuous and, at places, exposes the 
substratum, the water also can move in the interstitial voids within the matrix. 
Besides the heterogeneous model, the mushroom or the tulip model, and a flat, 
homogeneous structure are also “typical” biofilm structures according to the 
summary by Wimpenny (2000). In the mushroom or tulip model, biofilms are 
of mushroom or tulip structures penetrated by large and small pores. This type 
of structure was generated in the laboratory using media containing significant 
nutrient concentrations (Costerton et al., 1994, 1995). The flat, and relatively 
uniform structure of biofilms is resulted from high, or periodically extremely 
high nutrient levels (Nyvad and Fejerskov, 1997). However, a simple cellular 
automaton model was used by Wimpenny & Colasanti (1997) to suggest that 
all the models described above were actually correct since the final structure 
was largely dependent on resource concentration. There are two important 
factors distinguish heterogeneous biofilms from homogeneous biofilms: 1) 
heterogeneous biofilms have a much larger active surface area than the surface 
they cover, and 2) water can move within heterogeneous biofilms and deliver 
nutrients to the deeper layers (Lewandowski, 2000). 
 
2.2 Biofilm Formation in Drinking Water Distribution System (DWDS) 
Virtually anywhere a surface comes into contact with the water in a 
distribution system, biofilms can be found. Biofilms are formed in distribution 
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system pipelines when microbial cells attach to pipe surfaces and multiply to 
form a film or slime layer on the pipe. Probably within seconds of entering the 
distribution system, large particles, including microorganisms, adsorb to the 
clean pipe surface and biofilm formation occurs. Microorganisms can adhere 
directly to the pipe surface via appendages that extend from the cell membrane 
and form a capsular material of EPS that anchors the bacteria to the pipe 
surface. The organisms take advantage of the macromolecules attached to the 
pipe surface for protection and nourishment. The water flowing past carries 
nutrients (carbon-containing molecules, as well as other elements) that are 
essential for the organisms’ survival and growth (USEPA, 1992). 
 
2.2.1 Development of Biofilm in DWDS 
Biofilms are complex and dynamic microenvironments, encompassing 
processes such as metabolism, growth, and product formation, and finally 
detachment, erosion, or sloughing of the biofilm occurs from the surface. The 
rate of biofilm formation and its release into a distribution system can be 
affected by many factors including hydraulic conditions, surface 
characteristics, temperature, presence of disinfection residuals and availability 
of nutrients. Biofilms appear to grow until the surface layers begin to slough 
off into the water (Geldreich and Rice, 1987). The pieces of biofilm released 
into the water may continue to provide protection for the organisms until they 
can colonize a new section of the distribution system. 
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Hydraulic conditions are important since high water velocities result in a 
larger flux of nutrients into the distribution system, more transport of 
disinfectants and greater shearing of the biofilm. Merritt and An (2000) stated 
that adhesion of bacteria was optimal under a shear stress of 6-8 N m-2, but 
could still take place up to 130 N m-2 under flowing conditions. Pipe material 
is another important factor which can affect the attachment, density and 
community of biofilms in DWDS. The most commonly used pipe materials 
include cast iron, stainless steel, polyvinylchloride (PVC) and polyethylene 
(PE). The choice of pipe material depends on its availability and other 
technical reasons. For example, ground characteristics, pipe diameter and local 
pressure. Norton and LeChevallier (1999) reported that biofilms grew faster 
and denser on cast iron pipes in low nutrient waters. LeChevallier et al. (1993) 
showed that corrosion products in iron pipes gave biofilms increased 
protection from disinfection residual. Furthermore, they provided a concise list 
of the factors that influenced corrosion in iron pipes. Corrosion products react 
with hypochlorite residual and retard disinfection of an attached biofilm. 
Monochloramine can be inhibited if the corrosion is severe enough. Volk and 
LeChevallier (1999) supported this theory and indicated that nutrients adsorb 
to corrosion products in iron pipes and stimulated biofilm growth. Also, iron 
pipes can support a more diverse group of microorganisms compared to 
alternative materials, such as PVC (LeChevallier, 1999). This indicates that 
iron pipes represent the “worst case scenario” for biofilm growth compared to 
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other common materials such as cement lined iron and PVC. Water 
temperature is a regional and seasonal parameter which can affect the biofilm 
density. The effect of temperature comes into play at elevated levels. Coliform 
regrowth was detected when distribution water temperature was over 20 °C 
(Coulbourne et al., 1991). LeChevallier et al. (1991) found that distribution 
system temperatures over 15 °C resulted in significantly increased counts of 
microbes at distribution system sample points 0.7 and 6 miles downstream 
from the treatment plant. However, this is a factor that water distributors have 
little control over and is a factor of the environment in which the distribution 
system and treatment works reside. 
 
The above mentioned external environmental conditions are factors that water 
distributors have little control over once the operation of DWDS starts. 
Besides these conditions, presence of disinfection residuals and availability of 
nutrients are the most important factors to the biofilm formation in DWDS and 
are adjustable during the operation of DWDS. Detailed literature review 
regarding biofilm disinfection and effects of nutrients on biofilms in DWDS 
will be presented later of this chapter. 
 
2.2.2 Biofilm-related Problems in DWDS 
During the distribution of drinking water, biofilms on drinking water 
distribution system pipes may lead to a number of unwanted effects on the 
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quality of the distributed water. Bacterial growth may affect the turbidity, taste, 
odour and colour of the water (Servais et al., 1995). Biofilm growth and 
detachment could contribute cells to the bulk water (van der Wende et al., 
1989; Chandy and Angles, 2001). One full-scale study showed that the fixed 
bacteria were linearly correlated to the suspended bacteria (Servais et al., 
1995). Investigations of biofilms in a full-scale drinking water distribution 
system indicated that coliforms in the distribution system originated from the 
pipeline biofilms (LeChevallier et al., 1987). Biofilms in pipelines inside the 
buildings can represent reservoirs favouring the growth of some potentially 
pathogenic bacteria such as Legionella and Mycobacteria (Dailloux et al., 
1999; Steinert et al., 2002; Norton et al., 2004). Biofilms may promote the 
deterioration of metallic pipe surface through a process known as microbially 
influenced corrosion (MIC) or biocorrosion (LeChevallier et al., 1993). 
Biofilms may also induce a disinfectant demand and consequently promote 
disinfectant decay in distribution systems (Chandy and Angles, 2001; Lu et al., 
1999). 
 
2.3 Biofilm Control in DWDS 
As biofilm formation is unfavorable in DWDS, various strategies have been 
utilized to control it. There are two strategies to deal with biofilms in DWDS: 
biofilm disinfection, and biofilm removal. Disinfection, that kills the 
microorganisms embedding in the biofilm matrix, is the direct strategy to 
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avoid the bio-deterioration of drinking water from both suspended bacteria and 
the sessile counterparts, and much research topics focus on this field. However, 
the limitations of disinfection are: 1) the “adaptation” of biofilm 
microorganisms would decrease the sterilization capability of disinfectants 
(Morin et al., 1999), and 2) even the disinfection is successful, the residual 
biofilm matrix would be a seedbed for the new settlers and accelerate the 
biofilm development when the environment becomes favorable again. Biofilm 
removal seems as a thorough strategy that would eliminate the habitat for the 
biofilms. This strategy eliminates biofilms from the substratum by neutralizing 
or weakening the binding forces in matrix or by reacting with and degrading 
the constituents of matrix. It does not focus on killing the microorganisms, but 
when the microorganisms lost their substratum, they would become suspended 
cells, which are easier to deal with. These two strategies always work together 
in practice because many disinfectants (e.g., chlorine) will also affect the 
biofilm matrix stability. 
 
Chemicals applied as biocides in water treatment and distribution system have 
been utilized for a long period. Most commonly used chemical agents in 
DWDS include free chlorine and its derivatives, ozone and hydrogen peroxide. 
Even though some novel alternative disinfection methods (e.g., UV radiation) 
have been developed to sterilize the water recently, a certain level of chemical 
biocide residual should also be added to ensure the biostability within the 
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distribution systems. At the very beginning, disinfectants are mainly used to 
deal with suspended waterborne microorganisms; however, after passing 
through the biofilm matrix, disinfectants would attack the biofilm 
microorganisms as well although the efficiency will reduce a lot. 
 
Mechanical cleaning may be the most efficient biofilm removal strategy. But it 
is often impractical and costly due to technical difficulties and equipment 
down time (Simoes et al., 2005). Electric fields (Blenkinsopp et al., 1992), 
catalyst modified surfaces (Wood et al., 1996; 1998) and ultrasound (Mott et 
al., 1998) have been used to remove biofilms. These systems, however, are 
limited to small areas and have not yet found their way to application in 
practice (Meyer 2003). Enzymes such as proteases and polysaccharide 
hydrolyzing may be useful in biofilm removal (Jaquelin et al., 1994; Johansen 
et al., 1997). However, the specific mode of action makes it difficult to find 
enzymes that are effective against all different types of biofilms. Formulations 
containing several different enzymes may be necessary to be successful. In 
practice, disinfection is by far the most common biofilm control strategy and 
removal may be used to enhance the biofilm control efficacy. 
 
2.3.1 Mechanisms of Disinfection 
The vegetative cell offers three broad regions for biocide interaction: the cell 
wall, cytoplasmic membrane and cytoplasm; and biocide access to these 
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regions is determined by extracellular material, cell morphology and cellular 
chemical composition (Denyer and Stewart, 1998). 
 
Biocidal compounds derive from a variety of chemical class, and the precise 
mechanisms of interaction often reflect this diversity although the final 
damaging outcomes may show considerable similarity. These include (Denyer 
and Stewart, 1998): 
• Disruption of the transmembrane proton motive force leading to an 
uncoupling of oxidative phosphorylation and inhibition of active 
transport across the membrane (e.g., heavy metal salts, 
hypochlorites); 
• Inhibition of respiration or catabolic/anabiolic reactions (e.g., 
chlorine- releasing agents); 
• Disruption of replication (e.g., aminoacridines will intercalate 
between DNA base pairs and results replicative injury); 
• Loss of membrane integrity resulting in the leakage of essential 
intercellular constituents such as potassium cation, inorganic 
phosphate, pentoses, nucleotides and nucleosides, and proteins (e.g., 
aliphatic alcohols); 
• Lysis (e.g., anionic surfactants); 
• Coagulation of intracellular material (e.g., QACs and 
chlorhexidine). 
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2.3.2 Free Chlorine and Monochloramine Disinfections 
Chlorine is the most conventional and efficient biocide used in drinking water 
system. One of the first known uses of chlorine for water disinfection was by 
John Snow in 1850, when he attempted to disinfect the Broad Street Pump 
water supply in London after an outbreak of cholera (Christman, 1998). 
Chlorine becomes the most widely used disinfectant (Stringer and Johnston, 
2001) because of its efficiency, economy, easy of use and the feasibility on 
engineering. The residual chlorine is effective to prevent the regrowth of the 
bacteria in the distribution system. Chlorine is a very active oxidant. It would 
react with natural organic substances to form disinfection by-products (e.g., 
suspected carcinogenic trihalomethanes (THMs)), in the finished drinking 
water (Bull, 1986). The active property allows chlorine react with the biofilm 
matrix, which mostly occupied by organic substances, and promotes the 
detachment of biofilms. However, on the contrary, the activity results in an 
increasing disinfection demand for biofilm bacteria. In practice, chlorine gas, 
sodium hypochlorite and calcium hypochlorite are used for free chlorine 
disinfection in DWDS. The typical dosage of chlorine in drinking water 
treatment process varies from 0.2 to 2 mg l-1 (USEPA, 1999). At conventional 
surface water treatment plants, chlorine is typically added for prechlorination 
at either the raw water intake or flash mixer, for intermediate chlorination 
ahead of the filters, for postchlorination at the filter clearwell, or for 
rechlorination of the distribution system (Connell, 1996). 
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Chloramines, the production of chlorine and ammonia, become a competitive 
reagent in recent years due to the increasing concerns about trihalomethanes 
(THMs) and biofilms. It has been suggested that monochloramine, the 
predominant species at a neutral pH from the reaction of chlorine and 
ammonia (White, 1972), penetrated better into biofilms than free chlorine, 
probably due to no reaction with biofilm matrix, resulting in better inactivation 
of bacteria in the biofilms (LeChevallier et al., 1988). However, in terms of 
biofilm detachment, free chlorine was more efficient than monochloramine 
(Chen et al., 2000). The normal dosage of monochloramine in practice is in 
the range of 1.0 to 4.0 mg l-1. Monochloramine is typically used for 
post-disinfection to maintain the disinfectant dosage in DWDS (USEPA, 
1999). 
 
2.3.3 Efficacies of Free Chlorine and Monochloramine Disinfections 
The research between residual chlorine and the biofilm bacteria has been 
studied widely. Bacteria levels in the Los Angeles, Calif., aqueduct biofilms 
were as high as 104 CFU cm-2 in the presence of a residual chlorine of 1-2 mg 
l-1 (Nagy et al., 1982). Maintenance of a residual of 3 to 5 mg l-1 of chlorine 
was necessary to reduce bacterial biofilms by more than 99.9% (Nagy et al., 
1982). In another study, investigators found no correlation between free 
chlorine residuals (0.15 to 0.94 mg l-1 of chlorine) and the densities of HPC 
bacteria in distribution pipeline biofilms (Nagy and Olson, 1985). Klebsiella 
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pneumoniae emerged in a potable water supply 1 week after scrubbing 
redwood tank biofilms with a solution of 200 mg l-1 of chlorine (Seidler et al., 
1977). A residual of 15 to 20 mg l-1 of chlorine was necessary to control 
biofilm fouling of reverse osmosis membranes (Ridgway et al., 1984). 
 
In a biofilm disinfection study by chloramines via annular reactor, a combined 
chlorine residual of approximately 1.0 mg l-1 (or the corresponding combined 
chlorine dosage of 2.3 mg l-1) was able to completely suppress the biofilm 
HPC (disinfection efficiency not less than 4 log reduction) (Ollos et al., 1998). 
Park and Kim (2008) found that 0.5 to 2 mg l-1 of monochloramine suppressed 
the total cells and HPC bacteria in the drinking water biofilms by about 1 and 
2 log units, respectively. 
 
A number of studies have been done to compare the biofilm disinfection 
efficacy of monochloramine and free chlorine. Samrakandi et al. (1997) found 
a better penetration of monochloramine than free chlorine in disinfecting 
biofilms. They found that the treatment of 25 mg l-1 of monochloramine for 2 
h reduced culturable cells by 4.5 logs for E. coli and about 3 logs for mucoid P. 
aeruginosa while the similar treatment with free chlorine reduced culturable 
cells in these biofilms by only 2.2 logs and 1 log, respectively. At similar 
doses (1, 2 and 3 mg l-1) after the same contact times (15, 30, 45 and 60 min), 
monochloramine showed similar biocidal activity in disinfecting biofilms 
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grown on glass and aluminum brass coupons (Rao et al., 1998). Momba et al. 
(1999) found that monochloramine had better control on both biofilm growth 
and E. coli growth than free chlorine in their laboratory system receiving 
groundwater. They found that after 96 h of disinfection (2 mg l-1 of free 
chlorine and 1.5 mg l-1 of monochloramine), the biofilm HPC were 1.78 x 103 
and 4 x 102 cfu cm-2 for chlorinated and chloraminated water, respectively. 
The E. coli growth was only detected with chlorinated water (2, 4.8 x 102 and 
2 cfu cm-2 for 48, 72 and 96 h chlorination, respectively). Turetgen (2004) 
reported that 0.5, 1 and 1.5 mg l-1 of free chlorine caused about 0.4, 1.3 and 2 
log removal of biofilm from cooling tower system while the same dosages of 
monochloramine caused about 3, 4 and 5 log removal of biofilm, respectively. 
Another study also showed that chloramines had a better biofilm disinfection 
efficacy than free chlorine in low dosage (0.6 to 0.75 mg l-1) (Zhou et al., 
2009). They found that in a quasi-state, the biofilm HPC levels on the copper 
slides in annular reactors can be reduced to 3 log cfu cm-2 with free chlorine 
and 0.9 log cfu cm-2 with chloramines. Most of the studies showed that 
monochloramine is better than free chlorine in biofilm disinfection. This was 
attributed to the better penetration of monochloramine into biofilm matrix than 
free chlorine (Samrakandi et al., 1997; Turetgen, 2004). Also considering the 
fact that monochloramine is much slower in decay than free chlorine, 
monochloramine is a better choice for post-disinfection and to serve as a 
disinfectant residual in DWDS, especially for the large scale distribution 
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network with long pipeline in which the water retention time is long. 
 
2.3.4 Disinfection Resistance of Biofilm Cells 
One of the major advantages of biofilm formation for bacterial cells is that 
biofilms are much more disinfection resistant compared with their planktonic 
counterparts. Biofilm EPS not only functions as the main structural component 
but also provides protection to cells against the disinfection. Before 
disinfectant reacts with the cells, it should pass through a series of 
extracellular barrier. The chemical molecules transport to the bulk/biofilm 
interface via diffusion, and the transport of chemical species in biofilms as a 
whole resulted both from laminar advection in voids and from molecular 
diffusion in clusters (Morin et al., 1999). The complex transport pathway and 
the existing biofilm matrix reduce the effective diffusivity of the chemicals. 
For example, in Lu et al.’s (1995) model, the molecular diffusivity of free 
chlorine in biofilm matrix was estimated to be 80% that of water. In the 
meantime, the biofilm matrix will adsorb or react with a part of the molecules. 
Chlorine is a good example here, which would react with organic substances 
to form nuisance by-products (Bull, 1986). With the associated effect of the 
above, a lower disinfectant quantity can react with biofilm cells finally. 
 
Two main groups of physiological factors will affect the bacterial sensibility to 
disinfectants: the growth conditions of microorganism, and the previous 
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exposure to the disinfectant (Morin et al., 1999). The biofilms in DWDS are 
always under starvation and achieve a stationary phase growth and more 
veteran survivals are available after the initial disinfection under the EPS 
protection. 
 
The work of Berg et al. (1982) noted a decrease in chlorine sensibility of E. 
coli grown at low growth rate due to a nutritive stress that decreased the 
sensitivity of chlorination. The σs regulation system was considered to 
promote bacterial protection against disinfectants in this scenario (Morin et al., 
1999). Starvation of E. coli activated about thirty genes regulated by the σs 
factor (McCann et al., 1991; Hengge, 1991). The proteins coded by these 
genes were involved in diverse regulations and some of them resulted in 
physiological changes in the cells, e.g. the Dps was shown to coat the DNA 
(Almiron et al., 1992); the bolA could diminish the cell size (Kolter et al., 
1993); and the katE could eliminate the oxidant (Loewen et al., 1984). 
Also, the previous exposition of bacteria to disinfectants showed that the 
surviving microorganisms had resistance that was clearly higher than those of 
the initial population (Kuchta et al., 1985). Dukan et al. (1996) and Dukan and 
Touati (1996) showed that the genes induced by exposure of E. coli to 
sublethal chlorine doses belonged to the heat shock and SoxR systems and the 
presents enhanced resistance to chlorine. These systems are also involved in 
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the response of bacteria to temperature stress and exposure to the superoxide 
ion.  
 
However, there is a complexity of mechanisms involved in the resistance of 
biofilm microorganisms to disinfection. Even many issues about the biofilm 
disinfection have been understood, there are still a lot need to be discovered 
for biofilm resistance in future. For example, different environmental factors 
such as availability of nutrients, temperature, and flow velocity have effects on 
the biofilm development. Consequentially the variation of these factors would 
also affect the biofilm disinfection resistance. 
 
2.4 Effects of Nutrient Condition on Biofilm Formation in DWDS 
Besides disinfection as an effective biofim control method in DWDS, the 
effect of nutrient condition is another consideration for DWDS water quality 
management. Organic matters, specifically assimilable organic carbon (AOC) 
and biodegradable dissolved organic carbon (BDOC), were considered to play 
an important role in maintenance of the drinking water quality. van der Kooij 
et al. (1995) pointed out that many European countries did not use 
disinfectants in distributed water, instead controlled microbial growth in the 
distribution system by limiting utilizable carbon. He acknowledges that this is 
a difficult endeavor since biofilms still form on uncolonized pipe at AOC 
levels less than 10 μg C l-1, which is generally considered the practical 
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threshold for biologically stable water. 
 
2.4.1 Carbon-limiting and Phosphorus-limiting DWDS 
As organic carbon is thought to have a big impact on microbial growth in 
DWDS, the organic matter level is normally kept as low as possible which 
would make the organic carbon to be the limiting nutrient in DWDS. Frias et 
al. (2001) observed the impact of nutrients on planktonic and biofilm growth 
in a laboratory-scale pipe system. They found that adding large quantities of 
inorganic nutrients, such as nitrogen, phosphorous and sulfur, had no impact 
on the growth of planktonic or biofilm bacteria. However, when dissolved 
organic carbon (DOC) was increased in the system, the number of bacteria in 
the water column increased significantly during a two-day period, while there 
was a slight change in the number of biofilm bacteria. 
 
Sibille et al. (1997) fed nanofiltered water to a laboratory-scale model 
distribution system with 60 μg l-1 BDOC, which is below the practical limit of 
150 μg l-1 proposed by Servais et al. (1995) for biologically stable water. A 
biofilm was established in the system by initially feeding with water treated 
with GAC and ozone. When the feed was switched to nanofiltered water, the 
total number of planktonic cells in the network dropped by 2.6 fold due to the 
lack of nutrients. While there was only a 1.6 fold decrease in the biofilm 
density after 6 weeks. Boe-Hansen et al. (2002) found similar results with 
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significant decrease in bulk-phase microbial growth at AOC levels less than 5 
μg acetate-C l-1, while biofilm bacteria changed very little in a 12-hour time 
frame. 
 
Volk and LeChevallier (1999) examined the biofilm formed with effluent from 
a conventional treatment works with 217 μg C l-1 AOC and compared it to that 
from a biological treatment works, which had a significantly lower AOC of 91 
μg C l-1. They concluded that the biofilms formed in the pipes following the 
biological treatment exhibited a 0.5-1.0 log reduction in density compared to 
those located after the conventional treatment. The primary difference in Volk 
and LeChevallier’s study was that they observed biofilm densities over a 
period of approximately 6 months, while the previous studies ranged from 
hours to weeks. These studies show that growth of microorganisms in DWDS 
can be inhibited by reducing the organic carbon level, but that the impact is 
much greater on the planktonic microorganisms than on the biofilm in the 
short term. Longer time period is needed to take effect on biofilm growth with 
the change of organic carbon level. Using an annular biofilm reactor, Ellis et 
al. (2000) found little change in the biofilm density when adding up to 2 mg l-1 
carbon in the form of either carbohydrates, amino acids or humic material. 
Gibbs (2003), however, found that adding organic matter to a distribution 
system during a long-term wastewater cross-connection increased the HPC in 
the biofilm. 
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While organic carbon is thought as the only limiting nutrient for bacteria 
growth in DWDS for a long time, until recently, several studies have indicated 
that phosphorus can be another limiting nutrient in DWDS (Miettinen et al., 
1997, Sathasivan and Ohgaki, 1999). In Miettinen et al. (1997)’s study, three 
surface waterworks, two artificially recharged groundwater waterworks and 
one groundwater waterworks which were the largest ones in Finland were 
examined. All these six waterworks in their study had very low levels of 
phosphorus (less than 2 μg l-1). They reported that the addition of 50 μg l-1 of 
phosphorus increased the microbial growth in the collected water samples. 
Sathasivan and Ohgaki (1999) reported that phosphorus was the limiting 
nutrient in more than half of the 28 samples collected from Tokyo drinking 
water distribution system in which both surface water and ground water were 
used as the source water. The phosphorus level in this distribution network 
was 1 to 3 μg l-1. They suggested that phosphorus should not be introduced 
into the system unless it came with the treated water. There were also reports 
from China which showed that phosphorus was the limiting nutrient in the 
water treatment plants receiving surface water (Sang et al., 2003; Yu et al., 
2003). Sang et al. (2003) attributed this to the deterioration of the source water 
quality in which organic matter is one of the main pollutants and suggested 
that more attention should be paid to the effect of phosphorus on the biological 
stability of drinking water. 
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2.4.2 Use of Orthophosphate as Corrosion Inhibitor 
The internal corrosion of distribution pipes is one of the major problems faced 
by utilities. Aside from an increase in metal concentration and the presence of 
red water, the corrosion products create a favorable environment for bacterial 
growth (Rompre et al., 2000). To prevent corrosion of distribution pipes, 
phosphate-based products are normally applied. Orthophosphate, 
polyphosphate and blends of orthophosphate and polyphosphate were both 
commonly used. Dosage of phosphate-based corrosion inhibitors ranges from 
﹤0.2 mg l-1 as PO4 to ﹥3 mg l-1 (McNeill et al., 2002). McNeill et al. (2002) 
reported in their surveys of US drinking water utilities that more than half of 
those water providers surveyed reported adding phosphate inhibitors to their 
water. They also found that orthophosphate and polyphosphate were 
commonly used inhibitors, and a shift from poly/orthophosphate blends to 
orthophosphate was observed from 1994 to 2001. So far phosphorus is not 
regulated in drinking water according to WHO, Europe and USEPA drinking 
water standards. As a commonly used corrosion inhibitor, phosphate is 
frequently introduced into DWDS and causes the increase of phosphorus 
concentration (increase from as low as 1μg l-1 to 50 - 1000 μg l-1). As 
phosphorus is one of the key nutrients to microbial growth, the increase of its 
concentration may affect the bacterial growth in DWDS. 
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2.4.3 Potential Biological Effects of Addition of Phosphorus in DWDS 
Phosphorus is a key nutrient for all forms of life. In DWDS, phosphorus is 
incorporated by bacteria and then transported to the cytosol where it is 
metabolized as bio-molecules (DNA, phospholipids, polyphosphates, ATP, 
etc.) (Rosenberg, 1987). When phosphorus is the limiting nutrient in DWDS, 
the phosphorus addition could have some potential biological effects. 
 
Phosphorus addition to collected water samples increased the microbial 
growth (Miettinen et al., 1997; Sathasivan and Ohgaki, 1999). Both authors 
suggested that phosphorus should not be introduced into the system unless it 
came with the treated water or phosphorus level should be kept as low as 
possible. However, in these studies, only planktonic samples were analyzed 
and a step of dechlorination of the collected samples was introduced for the 
following incubation with inorganic nutrients, which could affect the bacterial 
response. 
 
Lehtola et al. (2002) in Finland found that addition of low level of phosphate 
(1-5 µg l-1 P) increased microbial growth in the water and in the biofilm. Chu 
et al. (2005) in Taiwan found that addition of 10-50 µg l-1 of P increased the 
biofilm growth. Hozalski et al. (2005) in US reported that the application of 
orthophosphate as corrosion inhibitor at a concentration of 0.3-0.4 mg l-1 of P 
increased the biofilm growth. These studies show that the addition of 
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phosphorus at various concentrations can increase biofilm growth in DWDS. 
However, only cell number was analyzed in these studies. Effects of 
phosphorus on other important aspects in biofilm like matrix structure, 
metabolic activity and community composition are still unclear. 
 
Biofilm matrix structure is very important to the biofilm community as it can 
reflect the growth of the biofilm and also the response of the biofilm to the 
changes of the external environments such as nutrient level and presence of 
disinfectants. Confocal laser scanning microscopy (CLSM) was widely used to 
study the biofilm matrix structure. Combining with various staining probes 
and image structure analysis software, CLSM can provide not only the direct 
morphology examination of biofilm matrix structure, but also the quantitative 
information such as biovolume, porosity and homogeneity. By using CLSM 
with Gfp, SYTO9 and PI staining, Hentzer et al. (2001) found that biofilms 
formed by an EPS-overproducing strain exhibit a highly structured 
architecture and were significantly more resistant to the antibiotic tobramycin 
than a biofilm formed by an isogenetic nonmucoid strain. Not only bacterial 
cells can be stained and visualized by CLSM, there are also lectins (e.g., 
TRITC and FITC) available for biofilm EPS staining. With cell and EPS 
staining, whole biofilm structure can be revealed (Figure 2.2) (Strathmann et 
al., 2002). Lawrence et al. (2004) studied the impacts of nickel, nutrients and 
oxygen level on structure of river biofilm communities via CLSM with 
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SYTO40 and TRITC staining. They found that not only the bacteria 
population, but also the EPS abundance were affected by the various 
treatments. As both nutrient conditions and disinfection treatments could affect 
the drinking water biofilm matrix, it would be meaningful to examine the 
development and change in the biofilm structure along with change of cell 
number. 
 
Figure 2.2 CLSM images of biofilms (Strathmann et al., 2002).  
a mucoid P. aeruginosa strain SG81 b nomucoid P. aeruginosa strain SG81 
stained with SYTO9 (green for cell) and TRITC (red for EPS) 
 
Understanding the metabolic activity of the biofilm bacteria can help to 
predict the response of the biofilm community to the shift of nutrient 
conditions and disinfection treatment. Community level assay via Biolog GN 
microplates were widely used to examine the metabolic activity of microbial 
communities. Biolog GN microplates were originally developed for 
classification of bacterial isolates based on the ability of the isolates to oxidize 
95 different carbon sources (Bochner, 1989). However, this method has also 
been adapted and used to characterize the functional potential of microbial 
communities. The application of the community-level approach to assays of 
microbial function would provide a more sensitive and ecologically 
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meaningful measure of heterotrophic microbial community structure. Rather 
than relying on determination of changes in individual abundances which may 
not equate to meaningful shifts in community function, this approach would 
provide measures of the metabolic abilities of the community (Garland and 
Mills, 1991). Sole-carbon-source utilization exerts a strong influence on the 
classification of isolates (Mallory and Saylor, 1984) and may be a useful, 
community-level, functional measure in the characterization and classification 
of heterotrophic communities. The Biolog GN system has proven extremely 
useful in the assessment of bacterial communities from diverse environments, 
including soil (Garland and Mills, 1991; Garland, 1996), fresh water (Garland 
and Mills, 1991), sediments (Fredrickson et al., 1991), and activated sludge 
(Guckert et al., 1996) and drinking water (Park et al., 2006). Park et al. (2006) 
found that the metabolic potentials of the biofilm communities in DWDS 
decreased markedly as the chlorine residual levels increased. As phosphorus 
addition and disinfections may have impacts on the metabolic activity of the 
biofilm community, it would be meaningful to investigate on this aspect. 
 
As phosphorus addition in DWDS could increase the microbial growth, some 
adverse effects could be resulted. A clinical study done by Crespi and Ferra 
(1997) reported an outbreak of legionellosis in a hotel in Lanzarote, Spain, 
which occurred in a way concomitant with an anticorrosion treatment of the 
water system with very high doses of phosphate (20 mg l-1 as P2O5). Batte et al. 
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(2003) found that phosphorus treatment (0.5 mg P l-1) increased γ – 
Proteobacteria which contains frank or opportunistic pathogens, such as 
Salmonella spp., Escherichia spp., and Legionnella spp.. These studies 
indicate a possibility that the addition of phosphorus can affect the microbial 
community structure in DWDS and trigger the growth of some bacterial 
species. Molecular techniques such as fluorescence in situ hybridization (FISH) 
and terminal restriction fragment length polymorphisms (TRFLP) were widely 
utilized to study biofilm community structure. Using group-specific 
rRNA-targeted fluorescent oligonucleotide probes with FISH, β- subclass of 
Proteobacteria were found to constitute the predominant group of bacteria in 
all drinking water biofilm communities (37% to 80% of the total cell count), 
independent of the substratum used and the age of the biofilm. γ - subclass of 
Proteobacteria constituted only 1% to 4% of the total community (Kalmbach, 
et al., 1997). Similar trend of drinking water biofilm community structure was 
also found by Batte et al. (2003) using FISH. In their study, among the biofilm 
cells, 16.9% to 24.7% were β- subclass of Proteobacteria, 1.8% to 18.3% 
were α- subclass and less than 2.5% were γ - subclass. Ammonia oxidizing 
bacteria (AOB) and nitrite oxidizing bacteria (NOB) 16S rDNA-targeted 
TRFLP indicated the presence of Nitrosomonas in a pilot-scale chloraminated 
drinking water distribution system (Regan et al., 2002). Another study by 
Regan et al. (2003) further showed the successful application of TRFLP in 
detecting AOB and NOB in full-scale chloraminated distribution systems. In a 
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study on the community structure of biofilms from model drinking water 
distribution system, the cluster analysis of community composition by TRFLP 
showed a correlation between the population profile and age of the sample, 
separating the samples into young (1 to 94 days) and old (571 to 1093 days) 
biofilms, whereas a limited spatial variation in the biofilm was observed 
(Martiny et al., 2003). As phosphorus addition and disinfection may alter the 
biofilm community structure, a systematic community structure study using 
molecular tools will be significant to understand the potential health 
consequence. 
 
2.5 Current Status and Research Needs 
Drinking water quality is one of the most important issues for the drinking 
water distribution network maintenance. Microbial water quality is of special 
interest as the growth of microorganisms could cause taste, odor and color 
problems. Most important issue is that the growth of water-borne pathogens 
could cause infectious diseases. So the control of the microbial growth 
becomes a routine task in DWDS maintenance. The biofilm growth 
contributes the majority of the source of the microorganisms in DWDS so that 
not only the suspended growth, but also the attached growth must be 
considered to achieve a better drinking water quality. 
 
The microbial growth in DWDS is greatly affected by the nutrient condition. 
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Organic carbon used to be thought to be the only limiting nutrient in DWDS. 
Now there have been evidences (Sathasivan and Ohgaki, 1999; Lehtola et al., 
2002) which indicate that phosphorus is another limiting nutrient in DWDS. A 
number of studies (Lehtola et al., 2002; Chu et al., 2005; Hozalski et al., 2005) 
have been done which showed the addition of phosphorus into drinking water 
can promote biofilm growth in term of cell numbers. However, there are also 
studies (Rompre et al., 2000; Batte et al., 2003) in which the addition of 
phosphorus has no effects on biofilm growth. Rompre et al. (2000) in Canada 
reported that application of corrosion inhibitor (1-2mg l-1 PO4) had no impact 
on the planktonic bacteria number in a full-scale distribution system and led to 
a small decrease in the biofilm cell number in an annular reactor system. Batte 
et al. (2003) in Canada reported the addition of 500 μg l-1 of P in the annular 
reactor system fed with dechlorinated water had no impact on the biofilm 
growth. This could be due to the differences in the nutrient balance in the 
original water samples. If the nutrient condition in the receiving water is 
phosphorus limiting, or carbon abundant, phosphorus addition could promote 
the biofilm cell growth. There is, therefore, a need to examine the effects of 
phosphorus addition on biofilm cell number in DWDS and understand the 
critical condition at which phosphorus addition can promote biofilm cell 
growth. 
 
As biofilms are much more complicated compared to the suspended growth, it 
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is far from enough only to examine the cell number to understand biofilms. 
Regarding the effects of phosphorus addition on the biofilm growth in DWDS, 
only cell number has been well studied. For other essential aspects such as 
EPS production, matrix structure, disinfection, metabolic activity and 
community composition, very limited researches have been done so far. There 
are no reports in the literature which examine the effects of phosphorus on the 
biofilm EPS production, matrix structure, disinfection and metabolic activity 
so far. As for community structure, there is one clinical study (Crespi and 
Ferra, 1997) which showed the evidence that phosphorus addition can induce 
the outbreak of legionellosis. Only one more community structure study (Batte 
et al., 2003) has been done using FISH to investigate the effect of phosphorus 
on the biofilm community structure in DWDS. In the study done by Batte et al. 
(2003), FISH was utilized in which only α-, β- and γ- subclass of 
Proteobacteria were examined. Moreover, no attempt was tried out in this 
study to examine the effects of phosphorus addition plus disinfection treatment 
on the biofilm community structure. 
 
EPS production is essential for biofilm development and it is also one of the 
important aspects in which biofilms differ from suspended cells. EPS not only 
support the biofilm structure, but also provide protection to the cells. Changes 
in EPS quantity could have a big impact on biofilm matrix structure and 
biofilm cell disinfection resistance. Biofilm matrix structure includes both 
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biofilm cells and also the EPS produced. The matrix structure is a reflection of 
the environmental condition in which the biofilm develops. As phosphorus 
addition affects the nutrient balance, the EPS synthesis of the biofilm could be 
affected and consequentially the biofilm matrix structure could also be altered. 
Hoa et al. (2003) studied wastewater treatment process and they noted that 
phosphorus addition can decrease the EPS quantity in the sludge of 
wastewater treatment. One could therefore hypothesize that the EPS 
production of biofilm in DWDS could also be decreased with phosphorus 
addition. If EPS production is decreased, the matrix structure of biofilm 
should also be affected. It is therefore desirable to study the effects of 
phosphorus addition on the biofilm EPS production and biofilm matrix 
structure. 
 
The efficacies of free chlorine and monochloramine for biofilm control have 
been widely studied and generally monochloramine exhibits better biofilm 
disinfection efficacy than free chlorine. As phosphorus addition could affect 
the biofilm EPS production and matrix structure, the disinfection efficacy 
could also be affected. So it is desirable to study the effects of phosphorus on 
the biofilm disinfection with both free chlorine and monochloramine. 
 
Metabolic potential of biofilm cells can indicate how bacteria adapt to the 
environment and also how the environmental changes affect the biofilm 
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(Wünsche et al., 1995; Park et al., 2006). Biofilms with a high metabolic 
potential may induce unstable drinking water quality as a sudden fluctuation 
of nutrient levels may cause the over growth of biofilms. So the situation 
could be even worse if the addition of phosphorous into DWDS could promote 
the biofilm cell growth and also induce a change in metabolic activity. 
Phosphorus addition could result in a carbon limiting drinking water. So it is 
very possible that phosphorus addition could result in a metabolic active 
biofilm community against organic carbon. It is therefore desirable to study 
the effects of phosphorus addition on the biofilm metabolic activity. 
 
Biofilm community composition is also very important to biofilms as different 
species always interact with each others in a mature biofilm community. Even 
the environmental condition change has effects on only one species, the whole 
biofilm community could be affected. The addition of phosphorus could result 
in a favorable growth condition to certain species in DWDS. It has been noted 
that the addition of phosphorus to DWDS could increase the proportion of γ – 
Proteobacteria as examined by FISH (Batte et al., 2003). And more 
specifically an outbreak of legionellosis has been reported as a result of 
phosphorus-based corrosion inhibitor addition to the drinking water system 
(Crespi and Ferra, 1997). So in this study it is hypothesized that phosphorus 
could promote the growth of certain species, which may contain pathogens in 
DWDS. As FISH can only provide relatively general information regarding 
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the community compositions and little quantitative information can be 
extracted, more researches should be done and other advanced molecular 
techniques such as TRFLP (as compared to FISH, TRFLP can provide more 
detailed species level community structure examination and more quantitative 
information can be extracted such as abundance of species and similarity 
comparison between different communities.) could be utilized to obtain a 
better understanding regarding the effects of phosphorus addition on the 
biofilm community structure in DWDS. 








A series of experimental works were carried out to attain the objectives 
outlined in Chapter One. Broadly, this research can be divided into four major 
phases; namely Biofilm Growth Study, Disinfection Study, Metabolic Activity 
Study and Community Study. 
 
Phase I – Biofilm Growth Study: In this phase, three batches of experiments 
were conducted to examine the effects of phosphorus addition on biofilm 
growth. Applied phosphorus dosages were 3, 30 and 300 µg P l-1. These three 
phosphorus dosages were tested because the reported concentration of 
phosphorus addition in DWDS has a range from 1 to 500 µg P l-1 and 300 µg P 
l-1 is believed high enough to turn the nutrient condition to carbon limiting. 
Biofilm cell number, EPS quantity and matrix structure were examined by 
HPC, TCC and CLSM, respectively. 
  
Phase II – Disinfection Study: Free chlorine and monochloramine (0.5 mg l-1 
and 2 mg l-1 for each disinfectant) were applied to study the disinfection 
efficacy against biofilm. 300 µg l-1 of phosphorus was added to the treatment 
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reactor. Biofilm cell number, EPS quantity and matrix structure were 
examined by HPC, TCC and CLSM, respectively. 
 
Phase III – Metabolic Activity Study: In this phase, five batches of 
experiments (disinfectant dosages of null, 0.5 and 2 mg l-1 free chlorine, and 
0.5 and 2 mg l-1 of monochloramine) were conducted to study the biofilm 
metabolic activity under 300 µg l-1 of phosphorus treatment. The metabolic 
activity was evaluated by SUP using GN2 microplates. 
 
Phase IV – Community Structure Study: FISH and TRFLP were utilized to 
study the biofilm community structure. For FISH, only one batch of 
experiment without disinfection was conducted as the disinfection 
significantly reduced RNA quantity of bacteria and FISH could not provide 
acceptable results. For TRFLP, five batches of experiments (disinfectant 
dosages of null, 0.5 and 2 mg l-1 free chlorine, and 0.5 and 2 mg l-1 of 
monochloramine) were conducted. 300 µg l-1 of phosphorus was applied for 
the treatment reactor in each batch of experiment. 
 
3.2 Experimental Setup 
3.2.1 Annular Reactor System 
Biofilms were grown in annular reactor systems (BioSurface Technologies 
Corporation, USA) consisting of two concentric cylinders: a stationary outer 
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cylinder made of glass, and a rotating inner cylinder made of polycarbonate. 
The external surface of the internal cylinder was equipped with twenty 
removable polycarbonate slides for biofilm sampling. The total liquid volume 
in each reactor was 1000 ml and the hydraulic retention time (HRT) was set at 
3 h by controlling the influent feed rate. The rotational speed was set to 133 
rpm throughout the experiment to achieve the simulating shear force under a 
velocity of 1 ft s-1 in 4 inches pipes. Two annular reactors were run in parallel 
in all the experiments for the purpose of comparison. Prior to the experiments, 
the reactor systems were washed with 70% of alcohol followed by distilled 
water rinse and autoclaved at 121 ºC for 15 minutes. The schematic diagram 
of the annular system is shown in Figure 3.1. Plates 3.1 shows the 
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3.2.2 Feed Water 
Tap water was stored for 24 h in a 60 l tank to allow the chlorine residue to 
decay to less than the detection limit (0.01 mg l-1 Cl2). The dechlorinated tap 
water was pumped into the reactors with peristaltic pumps (Cole-Parmer 
Instrument Company model no. 7553-85, USA) at 5.5 ml min-1. The 
characteristics of the feed water are listed in Table 3.1. 
 
Plate 3.1 Actual laboratory set-up of annular reactor system 
 
Table 3.1 Characteristics of feed water to annular reactors 
Parameters Feed water (mean ± SD) 
HPC (cfu ml-1) 45 ± 33 
pH 7.75 ± 0.06 
Temperature (°C) 28.5 ± 1.4 
Free chlorine (mg l-1) < 0.01 
AOC (µg l-1) 141 ± 12 
NO3-N (mg l-1) 0.59 ± 0.03 
PO43-P (mg l-1) < 0.01 
N = 20 
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3.2.3 Nutrient Stock 
To achieve the biofilm formation in a shorter experimental time and the 
phosphorus limiting condition, both reactors were enriched with carbon source 
(200 µg l-1 of C as sodium acetate). Phosphorus stock solution was made of 
K2HPO4 and KH2PO4 in 1:1 P molar ratio. Three dosages of phosphorus (3, 30 
and 300 µg l-1 of P) were applied in three batches of experiments in Phase I. 
300 µg l-1 of phosphorus was applied to the treatment reactors in Phase II, III 
and IV. The carbon and phosphorus solution was prepared in a 2 l flask with 
deionized water and autoclaved at 121 °C for 15 min. The nutrient stock 
solution was pumped into reactors at 0.1 ml min-1 throughout the experiments. 
 
3.2.4 Free Chlorine Disinfection 
Free chlorine solution was prepared in 2 l colorized bottles by using NaOCl 
solution (Available chlorine 5%) (Hayashi Pure Chemical Ind. Co. Ltd., Japan) 
and was diluted with distilled water. Two dosages of free chlorine examined 
were 0.5 mg l-1 and 2 mg l-1. The disinfectants were applied to the reactors at 
0.1 ml min-1 on the 21st day of the experiment and it lasted for 18 days. 
 
3.2.5 Monochloramine Disinfection 
Monochloramine solution was prepared in 1 l colorized bottles by introducing 
10 mg ml-1 NH4Cl (Merck KgaA, Germany) into free chlorine solution to 
achieve a 1.5:1 molar ratio of NH4Cl: NaOCl followed by slowly mixing for 1 
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h. Two dosages of monochloramine examined were 0.5 mg l-1 and 2 mg l-1. 
The disinfectants were applied to the reactors at 0.1 ml min-1 on the 21st day of 
the experiment and it lasted for 18 days. 
 
3.3 Sampling and Analysis 
3.3.1 Sampling Method 
3.3.1.1 Water Sample 
For pH, temperature, chlorine residual, AOC and ion analysis, about 50 ml 
solution was taken from each reactor via effluent pipe weekly. Samples were 
contained in a sterile bottle and analyzed as soon as possible.  
 
Water samples for HPC were taken at the 1st, 2nd, 3rd, 6th, 9th, 12th, 15th, 18th, 
21st, 24th, 27th and 30th day of the experimental run in Phase I. For Phase II, 
water samples for HPC were taken at the 1st, 2nd, 3rd, 6th, 9th, 12th, 15th, 18th, 
21st, 24th, 27th, 30th, 33rd, 36th and 39th day. At each sampling time, 10 ml 
solution was taken from each reactor via sampling hole by sterile pipette and 
kept in a sterile bottle. Before further analysis work was performed, 50 µL of 
sodium thiosulfate (30 g l-1) was used to neutralize the disinfectant if the 
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3.3.1.2 Biofilm Sample 
The biofilms sample preparation procedure was based on the operations 
manual of annular reactor and the previous research by Storey and Ashbolt 
(2001). In Phases I and II, biofilm samples were taken for HPC, TCC and 
microscopic examination. In Phase I, biofilm samples for HPC and TCC were 
taken at the 1st, 2nd, 3rd, 6th, 9th, 12th, 15th, 18th, 21st, 24th, 27th and 30th day. In 
Phase II, biofilm samples for HPC and TCC were taken at the 1st, 2nd, 3rd, 6th, 
9th, 12th, 15th, 18th, 21st, 24th, 27th, 30th, 33rd, 36th and 39th day. At each 
sampling time, 1 slide containing biofilms were slipped out from the sampling 
hole of each reactor with a sterile hook. The slides were then gently dipped 
into autoclaved distilled water to remove unwanted planktonic cells on the 
slides. Finally, the slides were carefully put into a container with sterile 0.9% 
NaCl solution (50 ml per slide), and the biofilms were scraped from the 
polycarbonate slides by a sterile cell scraper. The resulting solution was 
homogenized via an ultrasonic cleaner (Cole-Parmer model 8891) for 1 min to 
disperse cell aggregates. 250 µL of sodium thiosulfate (30 g l-1) was used to 
neutralize the disinfectant if the sample underwent disinfection. The prepared 
solution was analyzed in a few hours. Biofilm samples for microscopy 
purposes were taken at the 10th, 20th and 30th day in Phase I, and at the 21st and 
39th day in Phase II. At each sampling time, one or two 15mm*15mm coupons 
(sections of the slide) were cut in each reactor by a sterile hook and two pairs 
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of sterile pliers. The coupons were kept in sterile foiled Petri dishes until 
further treatment in few hours. 
 
In Phase III, biofilm samples were taken at the 30th day of the experimental 
run for non-disinfection batch and at the 39th day for disinfection batches. 
Biofilm samples were processed as described in Phases I and II then analyzed 
for SUP using GN2 microplates. 
 
In Phase IV, biofilm samples were taken at the 30th day of the experimental 
run for FISH batches. For TRFLP batches, biofilm samples were taken at the 
30th day of the experimental run for non-disinfection batch and at the 39th day 
for disinfection batches. Biofilm samples were processed as described in 
Phases I and II then analyzed for FISH or TRFLP. 
 
3.3.2 Water Sample Analysis 
3.3.2.1 Heterotrophic Plate Count (HPC) 
Method 9215C in Standard Methods for examination of water and wastewater 
(APHA, 1995) was adopted for HPC. HPC was obtained by spread plating 
with appropriate dilutions of water samples on R2A medium. Plates were 
incubated at 30ºC for 72 h before enumeration of colonies. The results were 
expressed as number of colony forming units (CFU) per ml. 
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3.3.2.2 Free Chlorine 
Free chlorine was measured by Hach portable DR/890 colorimeter (Hach 
Company, Loveland, CO, USA). Duplicates of 10 ml sample were tested using 
DPD free chlorine reagent (Hach Company, Loveland, CO, USA). The results 
were expressed in mg l-1. 
 
3.3.2.3 Monochloramine 
Monochloramine was measured by Hach DR/4000 spectrophotometer (Hach 
Company, Loveland, CO, USA). Duplicates of 10 ml sample were tested using 
monochloramine reagent set (Hach Company, Loveland, CO, USA). The 
results were expressed in mg l-1. 
 
3.3.2.4 pH and Temperature 
Analysis of physicochemical parameters, such as pH and temperature were 
performed in accordance with Standard Methods (APHA, 1995). A HORIBA 
(Japan) F-24 pH/ion meter was used to determine the pH and temperature 
immediately after sampling. 
 
3.3.2.5 Assimilable Organic Carbon (AOC) 
AOC was performed in accordance with Standard Methods (APHA, 1995). 
Pseudomonas fluorescens Strain P-17 and Spirillum Strain NOX method was 
applied. The results were expressed in µg l-1. 




A Dionex (U.S.A.) ion chromatography (IC) DX 500 system using a DS3 
detection stabilizer detector was used to determine the concentration of ions in 
the water sample (Plate 3.2). The anion and cation eluants used were 0.5 M 
sodium carbonate concentrate and 0.5 M sulfuric acid, respectively. 
AS9-HC-4mm and CS12A were the respective anion and cation columns used. 
During the analysis, a water sample of 100 μl was injected manually or 
automatically by the autosampler (Kontron MSI 660 T) into a stream of 
carbonate-bicarbonate eluant and passed through a series of ion exchangers. 
































) were separated on the basis of their relative 
affinities for a low capacity anion/cation exchanger (guard and separator 
columns). The separated ions were directed through a hollow fibre cation 
exchanger membrane (fibre suppressor) or micro-membrane suppressor bathed 
in regenerant solution. In the suppressor, the separated ions were converted to 
their highly conductive acid forms and the carbonate-bicarbonate eluant was 
converted to weakly conductive carbonic acid. They were identified on the 
basis of retention time as compared to standards. Quantity was determined by 
measurement of peak area. The detailed procedures for operating the machine 
could be found in the Dionex DX 500 and PeakNet Manuals or online help on 
CD (Dionex, U.S.A.). 




Plate 3.2 Dionex ion chromatography (IC) DX 500 system 
 
3.3.3 Biofilm Sample Analysis 
3.3.3.1 HPC 
The same procedure as outlined in section 3.3.2.1 was used. The results were 
expressed as number of colony forming units (CFU) per cm-2. 
 
3.3.3.2 Total Carbohydrate Content (TCC) 
TCC analysis or modified phenol-sulphuric acid method was used for 
measuring EPS concentrations in the biofilm samples with glucose as the 
standard. TCC was quantified colorimetrically as described by Dubois et al. 
(1956). Biofilm samples, which had been homogenized, were added with 0.05 
ml of phenol (80% wt/wt) and 5 ml of concentrated sulphuric acid (97%). The 
samples were mixed totally followed by cooling in room temperature for 10 
minutes and in a water bath at 30ºC for another 10 minutes. The resultant 
yellow-orange colour was measured at an optical density of 490 nm using 
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Hach DR/4000 spectrophotometer (Hach Company, Loveland, CO, USA). The 
measurement taken was interpolated with a standard curve (Figure 3.2) using 
known glucose solution as the control. It was directly proportional to the total 
polysaccharide concentration of the biofilms and the results were expressed in 
equivalent μg glucose per cm2. 
Absorbance




















Figure 3.2 Standard curve for TCC 
 
3.3.3.3 Confocal Laser Scanning Microscopy (CLSM) 
The biofilms were observed with a LSM 5 PASCAL confocal laser scanning 
microscope system (Carl Zeiss, Germany) (Plate 3.3) using probes as follows: 
bacteria were stained with the fluorescent nucleic acid stain SYTO 9 (SYTO 9 
is available as part of the Live–Dead staining kit from, Molecular Probes Inc., 
USA) (Excitation=488 nm). SYTO 9 was applied to the biofilm at a 
Chapter Three-Materials and Methods 
61 
 
concentration of 20 µg ml-1 at 23 °C for 15 min prior to washing three times 
with sterilized distilled water. A lectin probe (Triticum vulgaris-TRITC 
(tetramethyl rhodamine isothiocyanate)) (Excitation =568 nm) was used to 
visualize exopolymer in biofilm communities. After drawing off the water 
from the biofilms carefully with a tissue, the staining solution with the lectin 
(Sigma Chemicals, USA) (0.1 mg lectin per ml) was applied with a 50 µl 
pipette as a droplet to the biofilm and the sample was incubated at 23 °C for 
15 min. After staining, the sample was washed three times with sterilized 
distilled water. Then the sample slide was mounted to the microscope for 
observation. 
 
Plate 3.3 Confocal Laser Scanning Microscope System 
 
Image Structure Analyzer-2 (ISA-2) developed by Beyenal et al. (Beyenal et 
al., 2004) was used to examine the structural parameters of the biofilm. 
Biovolume and average run length (AXRL, AYRL and AZRL were measured 
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for X, Y and Z directions, respectively.) were selected as volumetric 
parameters and homogeneity (H) as textural parameter, respectively. 
Biovolume gives the spatial size of the biofilms. The average run length is a 
measurement of the consecutive points of the image and thus is associated 
with the size or growth of cell clusters in each direction. For example, the 
parameter AZRL is the average run length in the z-direction which indicates 
how long the biofilm grows into the z-direction in 3-dimension. Therefore, 
biovolume and average run length indicate the growth of the biofilms during 
the experiments and this biofilm growth corresponds to the increase in 
biomass. Homogeneity measures the similarity of the spatially close image 
structures: a higher homogeneity value indicates a more homogeneous image 
structure. For example, the homogeneity decreases with increasing numbers of 
cell clusters. 
 
3.3.3.4 GN2 Microplate Community Level Assay 
Biolog GN2 microplates (Biolog Inc., USA) were used to examine the 
metabolic activities of biofilm bacteria. The 96-well GN2 microplate 
comprises 95 substrate-containing wells with 95 separate carbon sources and a 
control well without a carbon source. The distribution and group of carbon 
sources were shown in Plate 3.4 and Table 3.2. 150 µl of aliquots of biofilm 
suspensions that were recovered from the slides were inoculated into each well 
of the microplates and incubated at 30 °C for 5 d. Color development in the 
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wells was monitored by measuring absorbance at 590 nm using a microplate 
reader (Molecular Devices Spectra Max 250, GMI Inc., USA) (Plate 3.5). The 
absorbance value for each well was compared to that of the carbon free control 
well. Negative values were considered as 0 in the subsequent data analyses. 
Metabolic potential index (MPI) was calculated by multiplying the number of 
positive wells by the average absorbance of the wells on the Biolog GN2 
microplate (Park et al., 2006): 







                       Eq 3.1 
where S is the total number of positive wells, Ai is the absorbance of the ith 
positive well and Pi is the ratio of the absorbance value of the ith positive well 
to the total absorbance values of all positive wells. The substrate utilization 
diversity (H) was calculated as described by Park et al. (2006): 







ii PPH                        Eq 3.2 
 
Cluster analysis by Minitab V14 (Minitab Inc., USA) was used to determine 
the similarity of different samples. 




Plate 3.4 Carbon sources in GN2 Microplate 
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Table 3.2 Groups of carbon sources in GN2 Microplate 
 




Plate 3.5 Microplate reader 
 
3.3.3.5 Fluorescence in Situ Hybridization (FISH) 
Biofilm cells were collected by microfiltration of biofilm samples through 
polycarbonate membranes (25 mm diameter, 0.2 µm pore size, Millipore, US) 
on nitrocellulose support membranes (pore size 0.4 µm, Millipore, US) using a 
vacuum filtration unit. All subsequent steps were performed directly in the 
filtration device. Solutions were removed through the membrane by low 
vacuum pressure. The filtered samples were fixed on the membranes by 
overlaying them with 0.2 µm pore size filtered, freshly prepared 4% 
paraformaldehyde solution (Sigma, US) for at least 1 h at 4 ºC, washed twice 
with phosphate buffered saline (PBS, 130 mM NaCl, 7 mM Na2HPO4, 3 mM 
NaH2PO4, pH 7.2) and subsequently dehydrated with increasing 
concentrations of ethanol (50%, 80%, and 96%, 3 min each). The 
polycarbonate membranes were mounted on a glass slide with 15 µl of 
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hybridization solution, overlaid with additional 50 µl of hybridization solution 
and incubated for 3 h in a humid chamber at 46 ºC. Hybridization solution 
consisted of 0.9 M NaCl, 20 mM Tris/HCl (pH 7.4), 0.01% SDS, 35% (v/v) 
formamide and 5 ng µl-1 of each fluorescent probe. Probes utilized include 
EUB338 which is complementary to a region of the 16S rRNA conserved in 
the domain Bacteria, ALF1b which is complementary to a region of the 16S 
rRNA characteristic for the α - subclass of Proteobacteria, BET42a and 
GAM42a, oligonucleotides complementary to a region of the 23S rRNA of the 
β - (BET42a) and γ - (GAM42a) subclass of Proteobacteria. 
 
An Olympus BX51 epifluorescence microscope (Plate 3.6) equipped with a 
cooled CCD camera SPOT-RT Slider (Diagnostic Instruments), a 100 W HBO 
bulb and fluorescence filter sets (U-MWU2, U-MWB2 and U-MF2) was used 
for the FISH analysis. The image analysis software, MetaMorph (Universal 
Imagine Corporation), was used to control the camera and to perform image 
analysis. Semi-quantitative FISH analysis was performed by analyzing at least 
10 microscopic fields selected randomly from the hybridization of individual 
probes. Cells hybridized to a given probe in each field were expressed as a 
percentage of the total area of bacterial domain probes hybridized by the 
EUB338. 




Plate 3.6 Epifluorescence microscope 
 
3.3.3.6 Terminal Restriction Fragment Length Polymorphism (TRFLP) 
Biofilm samples were collected as previously described (3.3.1.2). Biofilm 
solutions were concentrated by centrifugation (10000 rpm, 10 min). DNA 
from biofilm cells were extracted by DNeasy Tissue Kit (Qiagen Inc., USA). 
Cells were harvested in a microcentrifuge tube by centrifuging for 10 min at 
7500 rpm. Supernatant was discarded and cell pellet was resuspended in 180 
µl buffer ATL. 20 µl proteinase K was added to the tube and mixed by 
vortexing. The mixture was incubated at 55 ºC until the tissue was completely 
lysed. The mixture was vortexed occasionally during incubation to disperse 
the sample. After incubation, the mixture was vortexed for 15 s. 200 µl buffer 
AL was added to the sample and mixed thoroughly by vortexing, and 
incubated at 70 ºC for 10 min. After incubation, 200 µl ethanol (96-100%) was 
added to the sample and mixed thoroughly by vortexing. The mixture was then 
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pipetted into the DNeasy mini spin column placed in a 2 ml collection tube. 
The column and collection tube was centrifuged at 8000 rpm for 1 min then 
the flow-through and collection tube were discarded. The DNeasy mini spin 
column was then placed in a new 2 ml collection tube and 500 µl buffer AW1 
was added. The column and collection tube was centrifuged at 8000 rpm for 1 
min then the flow-through and collection tube were discarded. The DNeasy 
mini spin column was then placed in a new 2 ml collection tube and 500 µl 
buffer AW2 was added. The column and collection tube was centrifuged at 
14000 rpm for 3 min to dry the DNeasy membrane. Flow-through and 
collection tube were discarded. The DNeasy mini spin column was then placed 
in a clean 2 ml microcentrifuge tube and 200 µl buffer AE was pipetted 
directly onto the DNeasy membrane and then incubated at room temperature 
for 1 min. After incubation, the column and the microcentrifuge tube were 
centrifuged for 1 min at 8000 rpm to elute. Elution was repeated once. 
 
After DNA extraction, Polymerase Chain Reaction (PCR) was applied to 
amplify the DNA of interest. The protocol for preparing the PCR mastermix 
for amplifying fluorescent-tagged PCR products is shown in Table 3.3. PCR 
mastermix was prepared in a 0.2 ml centrifuge abandoner PCR tube. The tube 
was vortexed for about 10 s to ensure that the reagents were properly mixed. A 
200 µl micropipette was used to draw 30 µl from the mastermix and put into 
each of the three newly prepared PCR tubes. 0.5 µl of DNA template was 
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added into each PCR tube with mastermix and the three PCR tubes were 
vortexed. The three PCR tubes were placed into the PCR machine iCycler 
(Bio-Rad, USA) (Plate 3.7) and the optimized PCR protocol (Table 3.4) was 
run. Upon completion of the PCR, the PCR tubes were removed and samples 
were ready to be purified. 
Table 3.3 PCR mastermix 
Components Stock Concentration Volume 
PCR Buffer 10 x 10 µl 
dNTP* 2 mM 2 µl 
Forward Primer (47f) 10 µM 2 µl 
Reverse Primer (927r) 10 µM 2 µl 
Q solution  20 µl 
H2O (autoclaved)  55 µl 
Hotstar DNA 
Polymerase 
5 U ml-1 0.5 µl 
Template DNA  0.5 µl 
Total  100 µl 
*NEB (Hotstar Polymerase Kit) 2 mM dATP, dTTP, dGTP, dCTP 
 
Table 3.4 PCR protocol 
Cycle 1 (20X) Step 1 94 ºC for 1 min 
 Step 2 65 ºC for 1 min (- 0.5 ºC/cycle) 
 Step 3 72 ºC for 3 min 
Cycle 2 (10X) Step 1 94 ºC for 1 min 
 Step 2 55 ºC for 1 min 
 Step 3 72 ºC for 3 min 
Cycle 3 (1X) Step 1 72 ºC for 7 min 
 Step 2 Hold at 4 ºC 
 




Plate 3.7 Bio-Rad iCycler PCR machine 
 
The PCR products were purified before TRFLP was carried out. The PCR 
products were transferred from the 0.2 ml PCR tubes into 2 ml centrifuge 
appendorf tubes. PB buffer solution form the Qiagen PCR purification Kit 
(Qiagen inc., USA) was added to each tube (Volume of PB buffer solution = 
volume of PCR product x 5). Mixtures in the 2 ml centrifuge appendorf tubes 
were transferred into Qiagen Quickspin binding columns. The tubes with the 
binding columns were then placed to centrifuge at 13000 rpm for 1 min. The 
PB buffer solutions collected at the bottom of the binding columns were 
discarded after the centrifugation. 700 µl pf PE buffer solution from the 
Qiagen PCR purification Kit was added to each of the binding columns. The 
tubes with the binding columns were put to centrifuge at 13000 rpm for 1 min 
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to get rid of any remaining PE buffer solution. The tubes were then replaced 
with new 2 ml centrifuge appendorf tubes while the binding columns were 
retained. With the new tubes, 30 µl of EB solution was added to each of the 
column and the binding columns were left to stand for 1 min. The tubes with 
the column were put to centrifuge once again at 13000 rpm for 1 min, after 
which, the columns were discarded and the purified PCR products were left in 
the 2 ml tubes. 
 
After purification, the PCR products were digested by restriction enzyme, RsaI 
(New England Biolabs, USA) at 37 ºC overnight. The digested PCR products 
were loaded into the CEQ 8000 automated sequencer (Beckman Coulter, USA) 
(Plate 3.8) for analysis. 1.5 µl of DNA size standard was added into every 320 
µl of Sample Loading Solution (SLS) and vortexed. The mixture was equally 
transferred into 8 0.2 ml PCR tubes, with 40 µl of the mixture in each tube. 
The restriction enzyme digested samples was then added into the PCR tubes 
and vortexed. The mixtures in the PCR tubes were transferred into the 
pointed-base microwell. One drop of mineral oil was added into every well to 
cover the samples. About 6 drops of separation buffer were then added into 
every well of the flat-base microwell. Then the loading gel, pointed-base 
microwell and flat-base microwell were loaded into the CEQ 8000 automated 
sequencer to start the TRFLP running. 
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After TRFLP analysis, a tool “FragSort” from the Ohio State University was 
used to generate phylogenetic assignments from community TRFLP profiles 
based on a database of fragments produced by known 16S rRNA gene 
sequences. 
 
Plate 3.8 CEQ 8000 automated sequencer 
 
3.3.4 Statistical Analysis 
Student t-tests were used to examine the effects of experimental factors (e.g., 
phosphorus addition and disinfections) on various biofilm parameters (e.g., 
cell count and EPS production). Differences were considered significant when 
P < 0.05. Statistical analyses were performed using SigmaPlot version 10.0 
(Systat Software Inc., USA). 








A series of experiments were carried out to obtain the fundamental 
understanding of effects of phosphorus addition on biofilm formation and 
control in DWDS, using the lab-scale annular reactor systems as described in 
Chapter Three. Several key factors of biofilm community, such as biofilm cell 
number, EPS quantity, matrix structure, biofilm cell metabolic activity and 
biofilm community structure, were carefully investigated to understand the 
potential biological effects of adding phosphorus in DWDS. Such results will 
provide useful information for application of phosphorus-based corrosion 
inhibitors in DWDS and better maintenance of drinking water quality in 
DWDS. 
 
4.2 Effects of Phosphorus Addition on Microbial Growth 
4.2.1 Biofilm and Planktonic Cell Growth 
Figure 4.1 shows the effects of the addition of phosphorus on the viable 
biofilm cell counts over a period of 30 d. As can be seen, the growth of the 
biofilm stabilized after 10 d of the experimental run. Addition of 3 µg l-1 of 
phosphorus increased about 1.7 times of biofilm cell numbers (from 1.9 x 104 
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cfu cm-2 to 5.3 x 104 cfu cm-2 (average values of the stabilized phase); 
significant difference, p < 0.05). Addition of 30 µg l-1 and 300 µg l-1 of 
phosphorus increased about 1 log of the cell counts (from 6.4 x 104 cfu cm-2 to 
4.6 x 105 cfu cm-2 and from 4.2 x 104 cfu cm-2 to 4.1 x 105 cfu cm-2, 
respectively; significant difference, p < 0.05). 
 
Figure 4.2 shows the effects of the addition of phosphorus on the viable 
planktonic cell count over a period of 30 days. The growth of the planktonic 
cell fluctuated during the experimental run. No significant differences were 
found with the addition of phosphorus at all the three dosages (p = 0.4, 0.7 
and 0.5 for addition of 3, and 30 and 300 µg l-1 of phosphorus, respectively). 
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Figure 4.1 Effects of phosphorus addition on biofilm formation. (a) 3 µg l-1; (b) 
30 µg l-1; (c) 300 µg l-1. Error bars indicate 95% confidence intervals. 
 
 




























































Figure 4.2 Effects of phosphorus addition on planktonic cell count. (a) 3 µg l-1;        
(b) 30 µg l-1; (c) 300 µg l-1. Error bars indicate 95% confidence intervals. 
 
The internal corrosion of distribution pipes is one of the major problems faced 
by utilities. Aside from an increase in metal concentration and the presence of 
red water, the corrosion products create a favorable environment for bacterial 
growth (Rompre, 2000). To prevent corrosion of distribution pipes, 
phosphate-based products are normally applied. Among these products, 
orthophosphate is a commonly used corrosion inhibitor in DWDS. McNeill et 
al. (2002) reported in their surveys of US drinking water utilities that more 
than half of those water suppliers surveyed reported adding phosphate 
inhibitors to their water. As phosphate is frequently introduced into DWDS 
and this causes the increase of phosphorus concentration, the biological effects 
of phosphorus addition in DWDS need to be considered. Miettinen et al. (1997) 
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and Sathasivan and Ohgaki (1999) suggested to keep phosphorus level as low 
as possible or not to introduce phosphorus into the system to maintain the 
biological stability of drinking water. Experimental results obtained in this 
study also showed the increase in biofilm bacteria cell number with the 
addition of phosphorus. It was also found that with an increase of phosphorus 
dosage from 3 µg l-1 to 30 µg l-1 the biofilm bacteria cell number further 
increased, which may indicate that with the addition of 3 µg l-1 of phosphorus, 
the limiting nutrient in water was still phosphorus so that a further increase of 
phosphorus dosage resulted a further biofilm growth. However, a further 
increase of phosphorus dosage from 30 µg l-1 to 300 µg l-1 did not induce 
further biofilm growth that may indicate that 30 µg l-1 of phosphorus addition 
had already broken the nutrient balance and phosphorus was not the limiting 
nutrient anymore. In this case, bacteria might not be able to utilize the excess 
phosphorus in water. 
 
Although a number of studies (Chu et al., 2005; Hozalski et al., 2005; Lehtola 
et al., 2002) have suggested that addition of phosphorus could increase the 
microbial growth in DWDS, there are also studies which showed the 
contradictory results. Rompre et al. (2000) reported that application of 
corrosion inhibitor (1-2 mg l-1 as PO43-) had no impact on the planktonic 
bacteria cell number in a full scale distribution system and led to a small 
decrease in the biofilm bacteria cell number in an annular reactor system. 
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Batte et al. (2003a) reported the addition of 500 µg l-1 of phosphorus in the 
annular reactor system fed with dechlorinated water has no impact on the 
biofilm growth. This discrepancy might be attributed to the differences in the 
nutrient limiting condition of the original water. The carbon/phosphorus ratio 
was about 20 and the author suggested the source water was probably 
carbon-limited (Batte et al., 2003a). The effect of phosphorus addition on the 
microbial growth may be dependant on whether the original water is 
phosphorus limiting or carbon limiting. So it is necessary to understand the 
original water nutrient condition before applying any phosphorus corrosion 
inhibitors to DWDS. 
 
No obvious effects of phosphorus addition on planktonic cell growth were 
found in the reactors. This phenomenon might be a result of the short HRT of 
the reactors. As the bacterial cells only stayed for 3 h in the reactor, there may 
not be enough time for the effects of phosphorus addition to take place. As a 
result, the planktonic bacterial cell count may still be a reflection of the 
planktonic community of the feed water and the increases in the cell number 
of both reactors were the result of the supplementation of the organic carbon 
to the feed water. 
 
4.2.2 Biofilm EPS Quantity 
Figure 4.3 shows the effects of the addition of phosphorus on the biofilm EPS 
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production. EPS content of the biofilm was found to decrease continually and 
stabilized after 10 d of the run. Addition of 3 µg l-1 of phosphorus caused 
about 33% reduction of EPS quantity (from 2.74 x 10-4 µg glucose cfu-1 cm-2 
to 1.82 x 10-4 µg glucose cfu-1 cm-2; no significant difference, p = 0.1). 
Addition of 30 µg l-1 and 300 µg l-1 of phosphorus caused about 81% and 77% 
reduction of EPS production (from 9.31 x 10-5 µg glucose cfu-1 cm-2 to 1.77 x 
10-5 µg glucose cfu-1 cm-2 and from 1.01 x 10-4 µg glucose cfu-1 cm-2 to 2.28 x 
10-5 µg glucose cfu-1 cm-2, respectively; significant difference, p < 0.05). 
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Figure 4.3 Effects of phosphorus addition on biofilm EPS quantity. (a) 3 µg l-1;        
(b) 30 µg l-1; (c) 300 µg l-1.  
 
EPS is an essential component in biofilm which maintains the structural 
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stability of biofilm and provides protection for the entrapped cells. The 
synthesis of EPS in biofilms is affected greatly by environmental parameters 
such as availability of nutrients, shear rate, pH, and existence of toxic 
substances. Sutherland (2001) suggested that the amount of EPS synthesis 
within the biofilm depended greatly on the availability of carbon substrates 
(both inside and outside the cell) and on the balance between carbon and other 
limiting nutrients. The presence of excess available carbon substrate and 
limitations in other nutrients, such as nitrogen, potassium or phosphorus, 
promoted the synthesis of EPS. Experimental results obtained in this study 
showed that the effect of phosphorus addition on EPS production, in contrast 
to that for biofilm bacteria cell number, was inhibitory to EPS production 
(Addition of 3 µg l-1, 30 µg l-1 and 300 µg l-1 of phosphorus caused about 33%, 
81% and 77% reductions of EPS production, respectively). This might be 
attributed to the alteration of the nutrient condition from phosphorus limiting 
to carbon limiting. Similar phosphorus effect on EPS production was found to 
the sludge in wastewater treatment process. A reduced level of phosphorus 
caused an increase in carbohydrate levels in EPS (Hoa et al. 2003). As the 
carbon source becomes limiting, the cell may utilize more carbon to synthesize 
the cell components and produce energy instead of producing the 
extra-cellular polymers. Since less EPS (33%, 81% and 77% reductions for 
addition of 3 µg l-1, 30 µg l-1 and 300 µg l-1 of phosphorus, respectively) and 
more cells (1.7 times increase for addition of 3 µg l-1 of phosphorus and 1 log 
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increase for 30 µg l-1 and 300 µg l-1 of phosphorus, respectively) were 
produced, it might indicate that a looser structure of biofilm would be formed 
with the addition of phosphorus. It has been suggested that EPS matrix, among 
other functions, prevents the access of antibiotics to the bacterial cells (Mah 
and O’Toole, 2001). Chlorine can be neutralized by the organic constituents of 
the biofilm matrix and the neutralization reaction is faster than it diffuses into 
the biofilms (Chen and Stewart, 1996). As EPS is the most important 
component besides the bacterial cell in biofilm and plays a critical role in the 
stabilization of the biofilm matrix, phosphorus addition may thus make the 
biofilm less resistant to the disinfectants and more easily to be destructed. 
 
4.2.3 Biofilm Morphology and Structure 
Figures 4.4, 4.5 and 4.6 show the effects of phosphorus addition on the biofilm 
structure. No considerable variations in the structural parameters were found 
after 10 days of all the experimental runs. This observation agrees well with 
the biofilm growth curve (Figure 4.1). Increases of biovolume (significant 
difference, all p < 0.05), from 4.73 ×105 µm3 to 6.13 ×105 µm3 and from 5.01 
×105 µm3 to 6.55 ×105 µm3 were found for 30 µg l-1 and 300 µg l-1 of 
phosphorus treatments at the 30th d, respectively (Figure 4.4). Average run 
lengths of all three dimensions were found to increase (significant difference, 
all p < 0.05) for 30 µg l-1 and 300 µg l-1 of phosphorus treatments (Figure 4.5). 
For 30 µg l-1 of phosphorus treatment, at the 30th d, AXRL was found to 
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increase from 2.67 µm to 3.55 µm, AYRL was found to increase from 2.67 µm 
to 3.56 µm and AZRL was found to increase from 3.79 µm to 5.17 µm. For 
300 µg l-1 of phosphorus treatment, at the 30th d, AXRL was found to increase 
from 2.55 µm to 3.71 µm, AYRL was found to increase from 2.56 µm to 3.71 
µm and AZRL was found to increase from 3.82 µm to 5.22 µm.  
 
The results of biovolume and average run length of the biofilm confirmed the 
results of the biofilm growth and indicated that the addition of phosphorus to 
drinking water could induce a thicker biofilm with more biomass. As can be 
seen in Figure 4.6, with addition of 30 µg l-1 and 300 µg l-1 of phosphorus, 
biofilm homogeneity was found to decrease which indicated a more 
heterogeneous biofilm structure was formed with the phosphorus treatment. At 
the 30th d, biofilm homogeneity was found to decrease from 0.27 to 0.19 and 
from 0.26 to 0.17 for 30 µg l-1 and 300 µg l-1 of phosphorus treatments 
(significant difference, all p < 0.05). However, the structural parameters only 
showed that the biofilm homogeneity was changed for 3 µg l-1 of phosphorus 
treatment and no significant differences were found for biovolume and 
average run length (p = 0.06 for biovolume, p = 0.4 for AXRL, p = 0.5 for 
AYRL, p = 0.4 for AZRL and p < 0.05 for homogeneity) (Figures 4.5 and 4.6).  
 
Computer-based software has been developed to analyze the biofilm structure 
through CLSM imaging (Hentzer et al., 2001; Yun et al., 2006; Lee et al., 
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2007). Hentzer et al. (2001) found that an EPS over-producing mutant of 
Pseudomonas aeruginosa formed biofilms with bigger biovolume, thickness 
and roughness compared to its wild type counterpart. Yun et al. (2006) found 
that the structure of the biofilm grown on the membrane surface in the MBR 
system was related to the aeration rate (higher aeration rate caused larger 
biovolume, porosity and average run length). Lee et al. (2007) reported that 
the addition of a membrane fouling reducer in the MBR system decreased the 
biovolume and increased the porosity of the biofilm formed on the membrane 
surface. In this current study, we found that the addition of phosphorus also 
had an impact on the biofilm formation in DWDS. With the addition of 
phosphorus at levels of 30 µg l-1 and 300 µg l-1, the thicker biofilms were 
found to form on the surface with more coverage. The decreased homogeneity 
indicated more micro-colonies would be formed. Biofilm structure is essential 
for the stability of the biofilm. This kind of structure may be beneficial in the 
favorable environmental conditions as the biofilm has more surface area to 
contact with the bulk phase and could trap more nutrients. However, if the 
environmental condition changes unfavorably, for example, with disinfectants, 
a more heterogeneous biofilm with more cell clusters would contact with more 
disinfectants and may get more easily destructed as the disinfection towards 
biofilm worked firstly to the surface layer of biofilms and the cells closer to 
the biofilm-bulk-liquid interface lost activity first (Mah and O’Toole, 2001). 
The increased biovolume (30% and 31% increases for 30 µg l-1 and 300 µg l-1 
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of phosphorus treatments, respectively) and decreased homogeneity (30% and 
35% decreases for 30 µg l-1 and 300 µg l-1 of phosphorus treatments, 
respectively) with addition of phosphorus indicated that biofilm formation can 
be promoted but a less disinfectant-resistant structure may also be resulted. 
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Figure 4.4 Effects of phosphorus addition on biofilm biovolume. Error bars 
indicate 95% confidence intervals. 
 



















































































Figure 4.5 Effects of phosphorus addition on average run length. (a) 3 µg l-1;   
(b) 30 µg l-1; (c) 300 µg l-1. Error bars indicate 95% confidence intervals. 
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Figure 4.6 Effects of phosphorus addition on biofilm homogeneity. Error bars 
indicate 95% confidence intervals. 
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4.3 Effects of Phosphorus Addition on Disinfection Efficacy 
4.3.1 Biofilm Development before Disinfections 
Figures 4.7, 4.8, 4.9 and 4.10 show the biofilm development in both control 
and phosphorus treatment reactors (from day 0 to 21). As can be seen, the 
biofilm growth reached steady state after 12 days of experimental run. The 
mean biofilm bacterial counts were 5.7×104 cfu cm-2 and 4.2×105 cfu cm-2 for 
control and phosphorus treatment conditions, respectively. Phosphorus 
addition significantly increased the biofilm cell number (p < 0.05). The mean 
biofilm EPS quantities were 1.0×10-4 µg glucose cfu-1 cm-2 and 3.2×10-6 µg 
glucose cfu-1 cm-2 for control and phosphorus treatment conditions, 
respectively. Phosphorus addition significantly decreased the biofilm EPS 
quantity (p < 0.05). These findings are consistent with previous results 
outlined in Section 4.2. 
 
4.3.2 Effects of Disinfection on Biofilm Cell Number 
Figure 4.7 shows the biofilm cell counts after chlorine treatments (from day 24 
to 39). Without phosphorus treatment (Figure 4.7 (a)), 0.5 mg l-1 free chlorine 
treatment caused a slight biofilm cell count decrease (mean biofilm HPC were 
6.1×104 cfu cm-2 and 5.2×104 cfu cm-2 before and after chlorine treatment, 
respectively; no significant difference, p > 0.2). However, 0.5 mg l-1 free 
chlorine treatment caused a significant decrease in biofilm cell count for 
phosphorus treatment condition (mean biofilm HPC were 4.4×105 cfu cm-2 
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and 6.1×104 cfu cm-2 before and after chlorine treatment, respectively; 
significant difference, p < 0.05). The disinfection efficiency was improved for 
control condition without phosphorus addition when chlorine dose increased 
to 2 mg l-1 (Figure 4.7 (b)) (mean biofilm HPC were 6.2×104 cfu cm-2 and 
1.6×104 cfu cm-2 before and after chlorine treatment, respectively; significant 
difference, p < 0.05). 2 mg l-1 free chlorine treatment also resulted in a 
significant decrease in biofilm cell count for phosphorus treatment condition 
(mean biofilm HPC were 4.5×105 cfu cm-2 and 2.1×104 cfu cm-2 before and 
after chlorine treatment, respectively; significant difference, p < 0.05). 
 
Figure 4.8 shows the biofilm cell counts after monochloramine treatments 
(from day 24 to 39). For control condition (Figure 4.8 (a)), 0.5 mg l-1 
monochloramine treatment caused a significant biofilm cell count decrease 
(mean biofilm HPC were 5.1×104 cfu cm-2 and 1.7×103 cfu cm-2 before and 
after monochloramine treatment, respectively; significant difference, p < 0.05). 
However, 0.5 mg l-1 monochloramine treatment caused a dramatic decrease in 
biofilm cell count for phosphorus treatment condition (mean biofilm HPC 
were 4.2×105 cfu cm-2 and 3.1×103 cfu cm-2 before and after monochloramine 
treatment, respectively; significant difference, p < 0.05). The disinfection 
efficiencies were further improved for both control and phosphorus treatment 
conditions when monochloramine dose increased to 2 mg l-1 (Figure 4.8 (b)). 
For control condition, mean biofilm HPC were 5.3×104 cfu cm-2 and 93 cfu 
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cm-2 before and after monochloramine treatment, respectively (significant 
difference, p < 0.05). For phosphorus treatment condition, mean biofilm HPC 
were 3.8×105 cfu cm-2 and 4.1×102 cfu cm-2 before and after monochloramine 
treatment, respectively (significant difference, p < 0.05). 
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Figure 4.7 Effects of phosphorus on biofilm cell number with free chlorine 
disinfection. (a) 0.5 mg l-1; (b) 2 mg l-1. Error bars indicate 95% confidence 
intervals. 
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2 mg l-1 monochloramine4.8 (b)
 
Figure 4.8 Effects of phosphorus on biofilm cell number with monochloramine 
disinfection. (a) 0.5 mg l-1; (b) 2 mg l-1. Error bars indicate 95% confidence 
intervals. 
 
Chlorination at low dosage (0.5 mg l-1) had minor effects (0.07 log reduction) 
on the biofilm bacterial cell number under the control condition. However, a 
better disinfection efficacy (0.58 log reduction) was achieved when chlorine 
dose was increased to 2 mg l-1. With phosphorus treatment, both 0.5 mg l-1 and 
2 mg l-1 free chlorine resulted in better disinfection efficacies (0.86 log 
reduction and 1.32 log reduction for 0.5 mg l-1 and 2 mg l-1, respectively). 
Much better disinfection efficacies were, however, achieved with 
monochloramine treatments. Even 0.5 mg l-1 monochloramine caused 1.48 and 
2.13 log reductions for control and phosphorus treatment conditions, 
respectively. Log removals increased to 2.75 and 2.96 when monochloramine 
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dose was increased to 2 mg l-1. Similar results were also found in other biofilm 
disinfection studies (Tureten, 2004, Zhou et al., 2009). 0.5, 1 and 1.5 mg l-1 
free chlorine caused about 0.4, 1.3 and 2 log removals of biofilm from cooling 
tower system while the same dosages of monochloramine caused about 3, 4 
and 5 log removals of biofilm, respectively (Tureten, 2004). Zhou et al. (2009) 
also showed that chloramines had a better biofilm disinfection efficacy than 
free chlorine in low dosage (0.6 to 0.75 mg l-1). They found that in a 
quasi-steady state, the biofilm HPC levels on the copper slides in annular 
reactors can be reduced to 3 log cfu cm-2 with free chlorine and 0.9 log cfu 
cm-2 with chloramines. These results confirmed that monochloramine could be 
a better disinfectant for biofilm compared to free chlorine (LeChevallier et al., 
1988). 
 
It was also showed that the addition of phosphorus could further increase the 
disinfection efficacy. Except for 2 mg l-1 monochloramine treatment (a minor 
increase of disinfection efficacy with phosphorus treatment), disinfection 
efficacies with 0.5 mg l-1 free chlorine, 2 mg l-1 free chlorine and 0.5 mg l-1 
monochloramine were found to increase substantially (12.3, 2.3 and 1.4 times 
increases in disinfection efficacy for 0.5 mg l-1 free chlorine, 2 mg l-1 free 
chlorine and 0.5 mg l-1 monochloramine, respectively). These results might be 
attributed to the reduction in EPS quantity resulted from the phosphorus 
treatment (Addition of 300 µg l-1 of phosphorus caused about 77% reduction 
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of EPS production). With less EPS protection, biofilm bacterial cells could 
more easily get contact with the disinfectants and disinfected. This observation 
further confirmed that although the cell numbers could be increased with the 
phosphorus addition, the biofilm formed were less disinfectant resistant. 
 
4.3.3 Effects of Disinfection on Biofilm EPS Quantity 
Figure 4.9 shows the biofilm EPS production after chlorine treatments. 0.5 mg 
l-1 free chlorine treatment (Figure 4.9 (a)) did not result in any obvious change 
in EPS quantity under control condition (mean biofilm EPS productions were 
4.6 ×10-5 µg glucose cfu-1 cm-2 and 4.7 ×10-5 µg glucose cfu-1 cm-2 before and 
after chlorine treatment, respectively; no significant difference, p > 0.9). 
However, 0.5 mg l-1 free chlorine treatment caused a significant increase in 
biofilm EPS quantity for phosphorus treatment condition (mean biofilm EPS 
quantities were 2.8 ×10-6 µg glucose cfu-1 cm-2 and 4.0 ×10-5 µg glucose cfu-1 
cm-2 before and after chlorine treatment, respectively; significant difference, p 
< 0.05). In contrast to the effect on the biofilm cell count, 2 mg l-1 free 
chlorine treatment (Figure 4.9 (b)) did not cause any obvious change in 
biofilm EPS quantity for control condition (mean biofilm EPS quantities were 
1.1 ×10-4 µg glucose cfu-1 cm-2 and 1.4 ×10-4 µg glucose cfu-1 cm-2 before and 
after chlorine treatment, respectively; no significant difference, p > 0.7). For 
phosphorus treatment condition, 2 mg l-1 free chlorine treatment, however, 
resulted in a significant increase in biofilm EPS quantity (mean biofilm EPS 
Chapter Four-Results and Discussions 
97 
 
quantities were 2.7 ×10-6 µg glucose cfu-1 cm-2 and 6.2 ×10-5 µg glucose cfu-1 
cm-2 before and after chlorine treatment, respectively; significant difference, p 
< 0.05). 
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4.9 (b)
 
Figure 4.9 Effects of phosphorus on biofilm EPS quantity with free chlorine 
disinfection. (a) 0.5 mg l-1; (b) 2 mg l-1 
 
Figure 4.10 shows the biofilm EPS quantity after monochloramine treatments. 
0.5 mg l-1 monochloramine treatments (Figure 4.10 (a)) caused obvious 
increases in EPS quantity in both control and phosphorus conditions. For 
control condition, mean biofilm EPS quantities were 1.3 ×10-4 µg glucose cfu-1 
cm-2 and 1.1 ×10-3 µg glucose cfu-1 cm-2 before and after monochloramine 
treatment, respectively (significant difference, p < 0.05). For phosphorus 
treatment condition, mean biofilm EPS quantities were 2.9 ×10-6 µg glucose 
cfu-1 cm-2 and 4.2 ×10-4 µg glucose cfu-1 cm-2 before and after 
monochloramine treatment, respectively (significant difference, p < 0.05). 
Increase of monochloramine dose from 0.5 mg l-1 to 2 mg l-1 further increased 
the biofilm EPS quantity (Figure 4.10 (b)). For control condition, mean 
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biofilm EPS quantities were 1.2 ×10-4 µg glucose cfu-1 cm-2 and 2.2 ×10-2 µg 
glucose cfu-1 cm-2 before and after monochloramine treatment, respectively 
(significant difference, p < 0.05). For phosphorus treatment condition, mean 
biofilm EPS quantities were 4.3 ×10-6 µg glucose cfu-1 cm-2 and 3.1 ×10-3 µg 
glucose cfu-1 cm-2 before and after chlorine treatment, respectively (significant 
difference, p < 0.05). 
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Figure 4.10 Effects of phosphorus on biofilm EPS quantity with 
monochloramine disinfection. (a) 0.5 mg l-1; (b) 2 mg l-1 
 
EPS quantities were increased when disinfectants were applied, except 
chlorination, compared with control conditions. Chlorine is known for its 
reaction with organic and inorganic matters and the production of biofilm EPS 
can therefore affect the activity of chlorine (Campanac et al., 2002). A thick 
biofilm may affect the degree of penetration of free chlorine (Tureten, 2003). 
In this study, biofilm EPS production was not found when free chlorine was 
applied to the control reactor in which more EPS was available. As free 
chlorine is not good at penetrating the biofilm matrix, with relatively high EPS 
quantity in control conditions, the biofilm bacteria may not need to synthesize 
more EPS to protect themselves. For phosphorus treatment conditions, less 
EPS were however available to form the disinfectant barrier. So the biofilm 
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bacteria would be forced to generate more EPS when free chlorine was used as 
the disinfectant. When monochloramine was applied, due to the better 
penetration into the biofilm matrix, biofilms from both control and phosphorus 
treatment conditions tended to produce more EPS to form a stronger 
protection barrier. More EPS production further suggested that 
monochloramine could be a better biofilm disinfectant compared with free 
chlorine. 
 
4.3.4 Effects of Disinfection on Biofilm Morphology and Structure 
Figures 4.11, 4.12, 4.13, 4.14, 4.15 and 4.16 show the biofilm morphology 
changes due to free chlorine disinfection treatments. Figures 4.11 and 4.12 
revealed the biofilm morphology on the 21st day before the application of 
disinfectants. Biofilm growth was found to be promoted by the addition of 
phosphorus. With the low dose (0.5 mg l-1) of free chlorine treatments (Figures 
4.13 and 4.14), biofilm cell number reduced and the remaining cells tended to 
congregate together and form cell colonies. When the disinfectant dose was 
increased to 2 mg l-1, little cells with EPS protection remained on the surface 
(Figures 4.15 and 4.16). 






Figure 4.11 CLSM images for 21st day biofilm in control reactor (green: cell; red: 
EPS). a. top view of the biofilm; b. 3-d projection of the biofilm. The bar is    
10 µm. 
 






Figure 4.12 CLSM images for 21st day biofilm in phosphorus treatment reactor 
(green: cell; red: EPS). a. top view of the biofilm; b. 3-d projection of the biofilm. 
The bar is 10 µm. 






Figure 4.13 CLSM images for 39th day biofilm in control reactor with 0.5 mg l-1 
free chlorine (green: cell; red: EPS). a. top view of the biofilm; b. 3-d projection 












Figure 4.14 CLSM images for 39th day biofilm in phosphorus treatment reactor 
with 0.5 mg l-1 free chlorine (green: cell; red: EPS). a. top view of the biofilm; b. 
3-d projection of the biofilm. The bar is 10 µm. 
 
 






Figure 4.15 CLSM images for 39th day biofilm in control reactor with 2 mg l-1 
free chlorine (green: cell; red: EPS). a. top view of the biofilm; b. 3-d projection 










Figure 4.16 CLSM images for 39th day biofilm in phosphorus treatment reactor 
with 2 mg l-1 free chlorine (green: cell; red: EPS). a. top view of the biofilm; b. 
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Figures 4.17, 4.18, 4.19 and 4.20 show the biofilm morphology from 
monochloramine disinfection treatments. Similar to that of free chlorine 
disinfection, with the low dose (0.5 mg l-1) of monochloramine treatments 
(Figures 4.17 and 4.18), biofilm cell number reduced and the remaining cells 
tended to congregate together and formed cell colonies. When the disinfectant 
dose was increased to 2 mg l-1, little cells with EPS protection remained on the 
surface (Figures 4.19 and 4.20). 
 
Along with the response in EPS quantity to the disinfections, biofilm structure 
changes may also be a strategy against the disinfectant attack. After the 
application of disinfectants, biofilms tended to form lager cell colonies with 
EPS protection by which the denser biofilm communities might be able to 
generate a greater diffusion barrier to protect the cells from disinfectant 
penetration which was also found in a study by Hentzer et al. (2001). Their 
study showed that the EPS over-producing mutant of Pseudomonas 
aeruginosa was much more antibiotic resistant than their wild type strain. 
 






Figure 4.17 CLSM images for 39th day biofilm in control reactor with 0.5 mg l-1 
monochloramine (green: cell; red: EPS). a. top view of the biofilm; b. 3-d 
projection of the biofilm. The bar is 10 µm. 
 






Figure 4.18 CLSM images for 39th day biofilm in phosphorus treatment reactor 
with 0.5 mg l-1 monochloramine (green: cell; red: EPS). a. top view of the 










Figure 4.19 CLSM images for 39th day biofilm in control reactor with 2 mg l-1 
monochloramine (green: cell; red: EPS). a. top view of the biofilm; b. 3-d 












Figure 4.20 CLSM images for 39th day biofilm in phosphorus treatment reactor 
with 2 mg l-1 monochloramine (green: cell; red: EPS). a. top view of the biofilm; 
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4.3.5 Effects of Disinfection on Planktonic Growth 
Figure 4.21 shows the disinfection efficacies of free chlorine and 
monochloramine on the planktonic cell growth. Chlorination at low dosage 
(0.5 mg l-1) caused 1.41 log reduction on the planktonic bacterial cell number 
under the control condition. Better disinfection efficacy (2.39 log reduction) 
was achieved when chlorine dose was increased to 2 mg l-1. Monochloramine 
treatments resulted in inferior disinfection efficacies compared to free chlorine 
treatments. 0.5 mg l-1 and 2 mg l-1 monochloramine treatments caused 0.65 
and 1.85 log reductions on the planktonic bacterial cell number under the 
control condition, respectively. Similar results were also reported by Gagnon 
et al. (2004). In their study, low residual (0.5 mg l-1) free chlorine and 
monochloramine caused 2.2 and 1.4 log reductions and high residual (1 mg l-1) 
caused 3.3 and 2.6 log reductions in planktonic cell number, respectively. This 
observation indicated that, as a stronger oxidant, free chlorine has the better 
disinfection efficacy than monochloramine against planktonic bacteria growth 
(p < 0.05 for all conditions). Phosphorus treatment did not seem to affect the 
disinfection efficacies of both free chlorine and monochloramine on 
planktonic cells (p > 0.2 for all conditions). 
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Figure 4.21 Efficacies of disinfection on planktonic cell growth.                 
(a) 0.5 mg l-1 free chlorine; (b) 2 mg l-1 free chlorine; (c) 0.5 mg l-1 
monochloramine; (d) 2 mg l-1 monochloramine. Error bars indicate 95% 
confidence intervals. 
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4.4 Effects of Phosphorus Addition on Biofilm Metabolic Potential 
4.4.1 Substrate Utilization Pattern (SUP) 
4.4.1.1 Phosphorus Addition 
Figure 4.22 shows the effects of phosphorus addition on the SUP of the 
biofilm community. The biofilms developed under different conditions (with 
or without phosphorus treatment) displayed different SUP, which reflected the 
metabolism of different carbon sources and/or utilization of these carbon 
sources to different degrees. The biofilm community developed in the control 
reactor (phosphorus limiting or carbon abundant condition) utilized the 
following carbon sources: carboxylic acid (itaconic acid), carbohydrates 
(L-fucose), amino acid (L-alanylglycine), polymer (glycogen) and amine 
(phenyethylamine). The biofilm community developed in the phosphorus 
treatment reactor (carbon limiting or phosphorus abundant conditions) utilized 
the following carbon sources: carboxylic acids (itaconic acid, α-keto 
butyricacid, D,L-lactic acid, D-gluconic acid, propionic acid, quinic acid, 
α-hydroxybutyric acid, β-hydroxybutyric acid, sebacic acid and succinic acid), 
amino acides (L-histidine and L-proline), polymers (tween 40 and tween 80), 
amides (succinamic acid and L-alaninamide) and esters (pyruvic acid methyl 
ester and succinic acid mono-methyl-ester).  
 
Under control condition without phosphorus treatment, only 5 carbon sources 
were utilized. While with phosphorus addition, 18 carbon sources were 
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utilized. It can be seen that phosphorus addition resulted a much more 
metabolically active biofilm community. It has been also reported that 
phosphorus addition could result in more metabolically active communities in 
wastewater treatment process (Laliberte et al., 1997) and bioremediation 
processes (Granger et al., 1999; Pfiffner et al., 1997). Laliberte et al. (1997) 
found that the addition of monopotassium phosphate resulted in up to 56% 
more biomass production and had an influence on the kinetics of the removal 
of inorganic nutrients in the domestic wastewater treatment with the 
cyanobacterium Phormidium bohneri. In the study of benzene degradation, 
Granger et al. (1999) found that the estimated zero-order biodegradation rates 
of benzene increased from 87 µg l-1 d-1 (without P addition) to 397 µg l-1 d-1 
(with P addition). Pfiffner et al. (1997) reported that the trichloroethylene 
(TCE) biodegradation capacity was enhanced with the multiple-nutrient 
injection which included phosphorus. In the current study, the single carbon 
source utilization capacity was also found to be greatly enhanced with the 
addition of phosphorus. Not only the utilization of easily degradable carbon 
sources was increased (utilized carboxylic acid species increased from 1 for 
control condition to 10 for phosphorus treatment condition), but also two ester 
species were found to be utilized with the addition of phosphorus. These 
carbon source utilization results indicated that the metabolic activity of the 
biofilm community could be greatly enhanced with the addition of phosphorus 
and the carbon utilization capacity of it could also be increased. It was also 
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noted that with the addition of phosphorus, the utilized carbon groups also 
changed. Only one carboxylic acid (itaconic acid) was utilized under both 
conditions. This phenomenon could be an indication of community structure 
changes with the addition of phosphorus. 
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Figure 4.22 Effects of phosphorus addition on SUP (a) control condition       
(b) phosphorus treatment condition (300 µg l-1) 
 
 
4.4.1.2 Free Chlorine Disinfection 
Figures 4.23 and 4.24 show the effects of phosphorus addition on the SUP of 
the biofilm community with free chlorine treatments. With free chlorine 
disinfections, both utilized carbon groups and numbers of carbon sources 
decreased. Biofilm developed under control condition with 0.5 mg l-1 free 
chlorine treatment utilized the following carbon sources: carboxylic acids 
(citric acid, quinic acid and β- hydroxybutyric acid), carbohydrate (D-arabitol) 
and amino acids (L-alanine, L-alanylglycine and γ- amino butyric acid). 
Biofilm developed under phosphorus treatment condition with 0.5 mg l-1 free 
chlorine treatment utilized the following carbon sources: carboxylic acids 
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(p-hydroxy phenylacetic acid, cis-aconitic acid, citric acid, D-gluconic acid), 
carbohydrates (D-melibiose, D-fructose, β-methyl D-glucoside, sucrose, 
maltose, D-mannitol) and amino acides (L-pyroglutamic acid, γ-amino butyric 
acid). With low dose of free chlorine treatment, the same groups of carbon 
sources were utilized by the biofilm community from both control and 
phosphorus treatment conditions. However different and more carbon sources 
were utilized by the biofilm from phosphorus treatment condition. This could 
indicate that both phosphorus and free chlorine disinfection play a role in the 
metabolic activity of the biofilm community. With 2 mg l-1 free chlorine 
treatment, utilized carbon sources further decreased for both control and 
phosphorus treatment conditions. Only one carbon species was utilized by the 
biofilm community (carboxylic acids (citric acid) for control condition and 
amino acid (L-alanine) for phosphorus treatment condition). This might 
indicate that under high dose of disinfection, the metabolic activity of the 
biofilm community responded more to the disinfectant than the nutrient 
condition. Similar effects of chlorine disinfection on the carbon source 
utilization were also noted by Park et al. (2006). In their study, the substrate 
utilization percentages of the biofilms that formed in chlorine residual 
concentrations of 0.3, 0.5 and 1 mg l-1 were 33-47%, 3-7% and 0-6%, 
respectively. This phenomenon may be explained by the decreases in bacterial 
viability and/or species diversity with the increasing chlorine concentrations. 
Under low chlorine dose treatment condition, the biofilm bacteria could still 
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maintain certain levels of metabolic activity with the protection of EPS and the 
growth rate could be recovered quickly once favorable growth condition was 
applied. With the high chlorine dose treatment, however, the growth rate of 
the biofilm bacteria could be greatly suppressed and the bacterial cells might 
undergo a hibernating state. So even with the application of favorable growth 
condition, the growth rate and metabolic activity could not be recovered or a 
much longer time is needed for the recovery. 
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Figure 4.23 Effects of phosphorus addition on SUP with 0.5 mg l-1 free chlorine 
treatment (a) control condition (b) phosphorus treatment condition (300 µg l-1) 
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Figure 4.24 Effects of phosphorus addition on SUP with 2 mg l-1 free chlorine 
treatment (a) control condition (b) phosphorus treatment condition (300µg l-1) 
 
4.4.1.3 Monochloramine Disinfection 
Figures 4.25 and 4.26 show the effects of phosphorus addition on the SUP of 
the biofilm community with monochloramine treatments. Biofilm developed 
under control condition with 0.5 mg l-1 monochloramine treatment utilized the 
following carbon sources: carboxylic acids (cis-aconitic acid, D-gluconic acid 
and sebacic acid) and amino acids (L-alanyl glycine and L-asparagine). 
Biofilm developed under phosphorus treatment condition with 0.5 mg l-1 
monochloramine treatment utilized the following carbon sources: carboxylic 
acids (pyruvic acid methyl ester, cis-aconitic acid, citric acid, D-gluconic acid, 
α-keto glutaric Acid, D,L-lactic acid and sebacic acid) and amino acids 
(L-alanine, L-glutamic acid). Biofilm developed under control condition with 
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2 mg l-1 monochloramine treatment utilized the following carbon sources: 
carboxylic acids (D-gluconic acid and D-saccharic acid) and amino acids 
(L-asparagine and γ-amino butyric acid). Biofilm developed under phosphorus 
treatment condition with 2 mg l-1 monochloramine treatment utilized the 
following carbon sources: carboxylic acids (D,L-lactic acid, D-gluconic acid 
and quinic acid), ester (pyruvic acid methyl ester), amide (succinamic acid) 
and acromatic chemical (urocanic acid). Monochloramine disinfection also 
caused decrease in the utilized carbon species. However compared with free 
chlorine disinfection, more carbon species can be utilized by the biofilm 
community with high monochloramine dose. This may be explained by the 
slower disinfection mechanism and lower killing effect of monochloramine 
compared with that of free chlorine. 
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Figure 4.25 Effects of phosphorus addition on SUP with 0.5 mg l-1 
monochloramine treatment (a) control condition (b) phosphorus treatment 
condition (300µg l-1) 
.
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Figure 4.26 Effects of phosphorus addition on SUP with 2 mg l-1 
monochloramine treatment (a) control condition (b) phosphorus treatment 
condition (300µg l-1) 
 
4.4.2 Substrate Utilization Diversity 
Figure 4.27 summarizes the effects of phosphorus addition on the substrate 
utilization diversity of biofilm community. Substrate utilization diversity was 
calculated as Shannon diversity index (H). The formula of the Shannon 
diversity index is based on proportions rather than absolute values and should, 
therefore, provide meaningful results if there is some variation in inoculum 
density and be independent of the amount of color development (Derry et al., 
1999). 
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Substrate Utilization Diversity (H)
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Figure 4.27 Effects of phosphorus addition on substrate utilization diversity 
 
A large H value means that the microbial community uses more diverse 
carbon sources, and it indicates that the microbial community has higher 
functional diversity (Zak et al., 1994). Biofilm community with phosphorus 
treatment only was found to have the largest H (2.82) while communities with 
2 mg l-1 of free chlorine disinfection were found with an H value of 0 as only 
one substrate was utilized. It can be seen that phosphorus addition increased 
the substrate utilization diversity of the biofilm community. This could be a 
result of the carbon limiting condition which was caused by the phosphorus 
treatment. When carbon source availability increases, bacterial cells which are 
under carbon starvation may exhibit more carbon metabolic activities 
compared with cells which are under phosphorus starvation. At both control 
and phosphorus treatment conditions, only 2 mg l-1 free chlorine disinfection 
caused obvious decreases in substrate utilization diversity. Similar results were 
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also reported by Park et al. (2006). They noted that high free chlorine residual 
(1 mg l-1) disinfection caused dramatically decrease in the substrate utilization 
diversity while low free chlorine residual (0.3 mg l-1) did not cause obvious 
reduction. This observation indicated that rather than disinfection, phosphorus 
addition played the important role in the functional diversity of the biofilm 
community. 
 
4.4.3 Metabolic Potential 
The results of MPI analysis are shown in Figure 4.28. Without disinfection 
treatments, phosphorus addition was found to increase MPI dramatically (MPI 
increased from 1.76 to 38.95 with phosphorus addition). Both free chlorine 
and monochloramine disinfections decreased MPI of the biofilm community at 
carbon limiting condition. This result agrees with the observation by Park et al. 
(2006) who found that free chlorine disinfection could dramatically decrease 
the MPI of the biofilm formed in carbon liming water (organic carbon was 
removed by GAC in this study.). It was also found that the biofilm community 
from control condition with low doses of disinfections did not cause great 
decrease in MPI compared with that under control conditions without 
disinfections. This may indicate that the nutrient condition played a more 
important role in the metabolic activity of the biofilm community. 
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Metabolic Potential Index (MPI)
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Figure 4.28 Effects of phosphorus addition on metabolic potential 
 
4.4.4 Similarity of Metabolic Activity 
Figure 4.29 shows the similarity of biofilm communities at different 
conditions. Both phosphorus and disinfection treatments were found to affect 
the similarity of the biofilm community. Control condition without 
phosphorus and disinfection treatments was found to be the most unique 
among all the biofilm samples at different conditions (51% similarity with 
other conditions). Monochloramine disinfections formed a more similar group 
of biofilm communities which had a similarity of 67% to that formed under 
the free chlorine disinfection. Control condition with 0.5 mg l-1 free chlorine 
disinfection had the most similar condition with that of control condition 
without any treatments. This observation suggested that 0.5 mg l-1 free 
chlorine disinfection was too weak against the biofilm community and had 
minor effects on it. 




Figure 4.29 Cluster analysis of similarity based on SUP. C: control condition; P: 
phosphorus treatment condition; 0.5Cl: 0.5 mg l-1 free chlorine treatment; 2Cl: 2 
mg l-1 free chlorine treatment; 0.5NH2Cl: 0.5 mg l-1 monochloramine treatment; 
2NH2Cl: 2 mg l-1 monochloramine treatment. 
 
The SUP was found to be affected by the phosphorus and also the disinfection 
treatments. The changes in the bacterial community may affect the SUP. 
However, SUP may be insensitive to changes in population structure as a 
consequence of the metabolic redundancy in communities (Konopka et al., 
1998). In view of this, this study was focused on the metabolic activity of the 
whole community. The inoculum density may affect the SUP (Garland, 1997). 
In this study, extended (5 d) incubation period was employed to remove the 
considerable influence of inoculum cell density. After a prolonged period of 
incubation, the SUP responses should represent the metabolic activities of 
species that occur only at low numbers or of those that grow very slowly 
(Wüsche et al., 1995). The higher metabolic potential with the addition of 
phosphorus indicated that the phosphorus addition may induce more 
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metabolically active cells. Lehtola et al. (2002) found that addition of 
phosphorus enhanced the culturability of bacteria in biofilm. The content of 
ATP was also found to increase with the addition of phosphorus which 
indicated an increase in microbial activity. Metabolic potential is an important 
parameter to the biological stability of the drinking water. A high metabolic 
potential may induce overproduction of bacteria in drinking water once the 
carbon source level increases that in turn leads to a biologically unstable 
drinking water. This result suggested that care should be taken when 
phosphorus-based corrosion inhibitor is used in drinking water distribution 
system. 
 
4.5 Effects of Phosphorus Addition on Biofilm Community Structure 
4.5.1 Fluorescence in Situ Hybridization (FISH) 
Microbial community has a big impact on drinking water quality. Not only 
will the quantity of the microorganisms, but also the composition of the 
community contribute to the potential drinking water quality deterioration. 
FISH was utilized in this study to examine the effects of phosphorus addition 
on the biofilm community structure in DWDS. The application of FISH to 
disinfected samples was unsuccessful. Similar observation was also reported 
by Martiny et al. (2003). This may be caused by the low activity and therefore 
the low ribosome level of the bacteria in the biofilm, especially under 
disinfection conditions. Figure 4.30 shows the FISH results. β-Proteobacteria 
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was found to dominate the biofilm community in all the experimental 
conditions, which agrees with the previous studies (Kalmbach et al., 1997 and 
Batte et al., 2003b). Manz et al. (1993) found that bacteria belonging to the 
β-Proteobacteria group were predominant in a water distribution system, 
while γ-Proteobacteria made up less than 5% of the community in the biofilm 
when assessed by a culture method. γ-Proteobacteria was also found to be less 
than 5% in all experimental runs without phosphorus addition in this study. No 
obvious effects of 3 µg l-1 of phosphorus treatment were found on the biofilm 
community structure (p > 0.3). However, 30 and 300 µg l-1 of phosphorus 
treatments were found have an obvious effects on γ- Proteobacteria. Increases 
from 0.9% to 5.2% and 2.4% to 7.2% in γ- Proteobacteria were found in 30 


























































Figure 4.30 Effects of phosphorus treatments on biofilm community structure 
via FISH. a. 3 µg l-1 of phosphorus treatment; b. 30 µg l-1 of phosphorus 
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Through the use of FISH probes, this study revealed that the biofilm 
community structure could be affected by the addition of phosphorus. With as 
low as 30 µg l-1 of phosphorus treatment, the proportion of γ- Proteobacteria 
was enhanced. This result agreed with the previous study (Batte et al., 2003b). 
In that study, a γ- Proteobacteria increase from 0.4% to 1.1% was found with 
the addition of 0.5 mg l-1 of phosphorus. As γ- Proteobacteria contains frank 
and opportunistic pathogens such as Legionella spp., Salmonella spp. and 
Escherichia spp., the increase in this group of bacteria has a potential to 
deteriorate drinking water quality and induces health-related issues. Biofilms 
in pipelines inside the buildings can represent reservoirs favouring the growth 
of some potentially pathogenic bacteria such as Legionella and Mycobacteria 
(Dailloux et al., 1999; Steinert et al., 2002; Norton et al., 2004). Biofilms 
formed in water distribution networks are known to cause public health 
problems, such as protecting and supporting pathogenic microorganisms 
(Buswell et al., 1998). Through PCR-DGGE analysis, Lee et al. (2005) found 
changes in the biofilm community structure during succession as well as the 
possibilities of anaerobic conditions and faecal contamination of the drinking 
water system.  
 
The clinical study done by Crespi and Ferra (1997) has shown the occurrence 
of this scenario in which an outbreak of Legionellosis was found with the 
application of phosphate-based corrosion inhibitor.  Being tolerant of high 
Chapter Four-Results and Discussions 
135 
 
temperatures, Legionella is suited to the temperatures associated with 
man-made potable water systems and therefore biofilms (Dennis et al., 1984). 
Legionella pneumophila is capable of growth within protozoa, which are 
commonly found in water systems (Rowbotham, 1980). This offers a 
protective niche to Legionella against adverse environmental conditions and 
has implications for the effective measures used to control and eradicate this 
bacterium in potable water systems. Disinfection using hyperclorination at 10 
mg l-1 has been found to be effective at eradicating Legionella within potable 
water systems. However, it is generally hard to establish and maintain this 
concentration, and therefore colonization of Legionella on pipe surfaces may 
occur. It has also been shown that amoebae containing Legionella can 
withstand 50 mg l-1 of free chlorine with viable Legionella being recovered 
from these cysts. The eradication of Legionella cannot be done by simply 
adding more biocide, and it is now apparent that biocides must firstly kill the 
protozoa or penetrate into biofilms where both amoebae and Legionella may 
be found. However, with respect to biofilm formation, the levels of microbial 
contamination and assimilable organic carbon within potable water 
environments should be monitored and decreased to reduce the growth of 
biofilms (Percival and Walker, 1999). In our study, phosphorus addition was 
also found to increase the biofilm biomass concentration in the model system. 
As protozoa feed on bacteria, the increase in bacterial biomass may also favor 
the growth of amoebae and consequently Legionella growth. In view of this, 
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phosphate-based corrosion inhibitors must be carefully used when applying to 
phosphorus-liming drinking water, especially those without disinfectant 
residuals. For control of Legionella, good management practice is required 
with respect to regular inspection, maintenance and cleaning as well as the 
incorporation of biocides. 
 
4.5.2 Terminal Restriction Fragment Length Polymorphism (TRFLP) 
4.5.2.1 TRFLP profiles 
To confirm and supplement FISH results, TRFLP analysis was performed. As 
PCR is utilized in the TRFLP analysis, the gene of interest can be amplified 
and effects of disinfections can be examined (FISH failed due to the decrease 
in rRNA content with the disinfection treatments). Figures 4.31 to 4.35 show 
the TRFLP profiles at different treatment conditions. Community diversity 
was found to decrease with the phosphorus treatment (Table 4.1). 16 TRFLP 
peaks were detected for control condition while only 9 TRFLP peaks were 
detected for phosphorus treatment condition. Disinfection treatments and 
increased disinfectant dosages were found to further decrease the community 
diversity (12, 8, 9 and 6 TRFLP peaks were detected for control conditions 
with 0.5 mg l-1 free chlorine, 2 mg l-1 free chlorine, 0.5 mg l-1 monochloramine 
and 2 mg l-1 monochloramine treatments, respectively). Different dominant 
peaks were detected with the phosphorus treatments compared to control 
conditions (Table 4.2). This confirmed that phosphorus addition could cause 
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the biofilm community structure change in DWDS. Monochloramine 
disinfections were found to result in less detected peak number compared with 
free chlorine disinfections which may indicates that monochloramine could be 
more effective in inactivation of biofilm community in term of community 
diversity. Although disinfections had effects on community diversity, the 
dominated peaks seemed to be mainly affected by the phosphorus addition.  
Fragment Size (bp)






































































Figure 4.31 Effects of phosphorus addition on TRFLP (a) control condition    
(b) phosphorus treatment condition (300 µg l-1) 
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Figure 4.32 Effects of phosphorus addition on TRFLP profiles with 0.5 mg l-1 
free chlorine treatment (a) control condition (b) phosphorus treatment condition 
(300 µg l-1) 
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Figure 4.33 Effects of phosphorus addition on TRFLP profiles with 2 mg l-1 free 
chlorine treatment (a) control condition (b) phosphorus treatment     
condition (300 µg l-1) 
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Figure 4.34 Effects of phosphorus addition on TRFLP profiles with 0.5 mg l-1 
monochloramine treatment (a) control condition (b) phosphorus treatment 
condition (300 µg l-1) 
 
 

































Chapter Four-Results and Discussions 
142 
 




























Figure 4.35 Effects of phosphorus addition on TRFLP profiles with 2 mg l-1 
monochloramine treatment (a) control condition (b) phosphorus treatment 
condition (300 µg l-1) 
 
Table 4.1 TRFLP peak number 
Conditions Peak Number 
Control 16 
Phosphorus treatment 9 
Control + 0.5 mg l-1 free chlorine 12 
Phosphorus treatment + 0.5 mg l-1 free chlorine 7 
Control + 2 mg l-1 free chlorine 8 
Phosphorus treatment + 2 mg l-1 free chlorine 5 
Control + 0.5 mg l-1 monochloramine 9 
Phosphorus treatment + 0.5 mg l-1 
monochloramine 
6 
Control + 2 mg l-1 monochloramine 6 
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4.5.2.2 Phylogenetic Assignments 
“FragSort” was used to perform the phylogenetic assignments as introduced in 
Chapter 3. The possible microorganisms based on the most dominant peaks at 
different conditions were identified (Table 4.2). 
Table 4.2 Phylogenetic assignments 
Conditions (for both with and without 
disinfections) 
Dominant Peaks 
Control 382: α-Proteobacteria 
386: α-Proteobacteria 
394: uncultured Bacteria 
413: β-Proteobacteria 
422: agricultural soil Bacterium 
Phosphorus treatment 387: α- or γ- Proteobacteria 
 400: γ- Proteobacteria 
 445: β-Proteobacteria 
 446: α- or γ- Proteobacteria 
 448: β- or δ- Proteobacteria 
 
The phylogenetic assignment results show that both α- or β- Proteobacteria 
were the dominant bacteria in the control or phosphorus treatment conditions. 
This finding agrees with the previous studies (Kalmbach et al., 1997 and Batte 
et al., 2003b) and the FISH results of this study (Chapter 4.5.1). Phosphorus 
treatments increased γ- Proteobacteria which also confirmed the FISH results 
of this study. Disinfections were found to increase both α- and γ- 
Proteobacteria which indicates pathogens from γ- Proteobacteria may have a 
potential to survive and persist from free chlorine or monochloramine 
disinfections. 
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Norton and LeChevallier (2000) have shown the possibility of control of 
Mycobacterium spp., some of which are opportunistic pathogens resistant to 
disinfection, by reducing the organic carbon concentration in a pilot potable 
water treatment and distribution system. In their study, Mycobacterium spp. 
were found in 75% (three of four samples) of the biofilm samples from 
conventionally treated water (high organic carbon concentration), but no 
Mycobacterium spp. were isolated from the biologically treated system (low 
organic carbon concentration) with free chlorine used as a post-disinfectant. 
The authors suggested that lowering the levels or changing composition of 
AOC and biodegradable dissolved organic carbon by biological treatment 
could be an important mechanism for reducing the public health risk from 
opportunistic pathogens. In our study, the experimental results from the model 
DWDS showed the evidence that another nutrient, phosphorus, could also be 
an important factor for the control of growth of opportunistic pathogens in 
DWDS and public health problems. In the DWDS management, not only 
organic carbon, but also phosphorus level must be accounted to assure the 
quality of potable water to the end consumers. 
 
Cluster analysis showed the similarity among the biofilm communities at 
different treatment conditions (Figure 4.36).  




Figure 4.36 Cluster analysis of similarity based on TRFLP. C: control condition; 
P: phosphorus treatment condition; 0.5Cl: 0.5 mg l-1 free chlorine treatment; 2Cl: 
2 mg l-1 free chlorine treatment; 0.5NH2Cl: 0.5 mg l-1 monochloramine treatment; 
2NH2Cl: 2 mg l-1 monochloramine treatment. 
 
With the use of cluster analysis as a sorting tool, it is possible to statistically 
compare the peak numbers of the different clades. The number of peaks can be 
regarded as an indirect measurement of species richness in a sample (Dunbar 
et al., 2000). Disinfections were not found to have obvious effects on biofilm 
community similarity. Phosphorus treatment was found to dramatically 
decrease the community similarity (about 40% similarity after phosphorus 
treatments compared with more than 90% similarity among control or 
phosphorus treatment groups). Previous studies (Kool et al., 1999; Norton et 
al., 2004) have shown that free chlorine and monochloramine disinfections 
may prevent Mycobacterium. avium and Legionella growth in DWDS. But 
these studies did not consider the potential nutrient effects on the opportunistic 
pathogens. TRFLP analysis of biofilm formation with phosphorus addition in 
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our study showed evidence which suggested that phosphorus level in DWDS 
may play a more important role in the biofilm community structure and 
opportunistic pathogens containing γ- Proteobacteria group could be 
enhanced even with free chlorine and monochloramine disinfections. Other 
disinfectants such as ozone and UV may also be applied in the primary 
disinfection to disinfect the opportunistic pathogens in the source water. 
However the biofilm grown in the pipeline of the distribution network is 
subject to the secondary disinfection which mainly utilizes free chlorine and 
monochloramine. As the disinfectant residual level must fulfill the regulations 
and not exceed the maximum disinfectant residual levels (MDRLs) which are 
much lower than the suggested concentrations to eliminate the opportunistic 
pathogens like Legionella (Percival and Walker, 1999), other measures should 
be considered to maintain the drinking water quality. In this study phosphorus 
was found to be a useful control factor to prevent the potential growth of 
opportunistic pathogens in DWDS, especially for the regions where 
phosphorus level is relatively low and distribution water could be phosphorus 
limiting. 








The primary conclusion from this research is that phosphorus addition to 
phosphorus-limiting drinking water will not only increase biofilm cell number, 
but also decrease the biofilm EPS quantity and change biofilm matrix structure. 
With phosphorus addition, disinfection efficacies were found to be increased 
especially for monochloramine. Biofilm metabolic activity was found to 
increase dramatically and biofilm community structure was found to change 
with phosphorus addition. The specific conclusions are summarized as 
follows: 
1. Biofilm cell number increased (0.4 log for 3 µg l-1 phosphorus treatment 
and 1 log for 30 and 300 µg l-1 phosphorus treatment) with phosphorus 
addition. Biofilm cell number did not further increase when phosphorus 
dose was increased from 30 to 300 µg l-1 which indicates that up to 30 µg 
l-1 phosphorus treatment the nutrient condition of the water has changed to 
carbon limiting. 
2. In contrast to the effects on biofilm cell number, phosphorus addition 
decreased biofilm EPS quantity. This indicated that biofilm developed 
under phosphorus treatment may be less stable compared with that 
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developed under phosphorus limiting condition as EPS functions as the 
main structural component in biofilms. 
3. Biofilm matrix was also affected by the phosphorus addition. A thicker, 
more heterogeneous biofilm with more micro-colonies formed after 
phosphorus treatment. This kind of structure may be unfavorable against 
disinfections. 
4. Disinfection efficacies of free chlorine and monochloramine treatments 
were found to be enhanced with phosphorus addition. 
5. EPS quantity was found to increase during the disinfection treatments, 
especially for phosphorus treatment conditions. This may be a strategy of 
the biofilm bacteria against the unfavorable environmental changes. 
6. With phosphorus addition, disinfection efficacy of monochloramine was 
found to further increase compared with that of free chlorine. This 
indicated that monochloramine may be a better choice for biofilm 
disinfection in DWDS, especially with phosphorus treatments. 
7. Phosphorus addition changed carbon metabolic activities of biofilm 
community. Phosphorus addition increased the carbon source utilization 
diversity and metabolic potential. This indicated that phosphorus addition 
in DWDS may result in less bio-stable drinking water. 
8. Phosphorus addition was found to affect the biofilm community structure. 
The community similarity was found to decrease dramatically with 
phosphorus addition. While disinfections had little effects on the 




9. Both FISH and TRFLP results showed the increase in γ- Proteobacteria 
which indicated that phosphorus addition may have a potential to 
deteriorate the drinking water quality as γ- Proteobacteria contains frank 
or opportunistic pathogens. Cares must be taken when phosphate-based 
corrosion inhibitors are applied in DWDS to avoid the potential 
health-related problems. 
10. Due to the economical consideration, the phosphate-based corrosion 
inhibitors are still recommended to use in DWDS, especially for those 
which have low carbon level product water (either source water contains 
low level of carbon or treatment processes incorporate advanced carbon 
removal). The essential practice is to closely monitor the nutrient balance 
condition (carbon/phosphorus ratio) of the product water to ensure the 
identification of phosphorus limiting condition. 
 
5.2 Recommendations 
Effects of phosphorus on biofilm formation and disinfections in DWDS were 
investigated in this study. Annular reactor with polycarbonate slides were used 
as the model system. It is recommended that further research be conducted on: 
1. Variation in environmental factors 
In this research, environmental factors such as HRT, pipe material, pH and 
temperature were set as constants. As these factors may also affect the 
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biofilm development and disinfection in DWDS, investigations on them 
could enable us to better understand the biofilm formation and control with 
phosphorus treatment in DWDS. 
2. Species level study on biofilm community 
Biofilm community was studied at class level in this research. Species 
level study, (e.g., amplified ribosomal DNA restriction analysis (ARDRA)) 
should be conducted if specific pathogens are of interest which could 
indicate whether certain water-borne diseases would be potentially related 
to the phosphorus addition. 
3. Identification assay for phosphorus limiting water 
It would be useful to develop a fast and effective assay to identify whether 
the water is phosphorus limiting. Model bacterial species could be selected 
and a proper culture-based protocol could be developed experimentally. 
Such an optimized assay could help water suppliers to identify the nutrient 
condition of their water and choose proper corrosion control agent and 
disinfectant that could help to avoid the occurrence of bacterial overgrowth 
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